WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




per 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 5 

C12N 11/04, 5/06, A61L 27/00 
O08J 9/00, A61F2/00, 9/00 



Al 



(11) Inter- *onal Publication Number: 
(43) In. _~Jonal Publication Date: 



WO 90/07575 

12 Juiy 1990(12.07.90) 



(21) International Application Number: PCT/US89/05864 

(22) International Filing Date : 29 December 1 989 (29. 12.89) 

(30) Priority data: 

292,615 
323,616 



30 December 1 988 (30. 12.88) US 
14 March 1989 (14.03.89) US 



(60) Parent Applications or Grants 

(63) Related by Continuation 

U .S 292,615 (CIP) 

Med on 30 December 1988 (30.12.88) 

US 323,616 (CIP) 

Flled on 1 4 March 1 989 (14.03.89) 

(71X72) Applicant and Inventor: ANDERSON, David, M. fUS/ 
US]; 2114 Kings Valley Road, Golden Valley, MN 55427 
(US). 



(74) Agents: BLODGETT, Gerry, A. et al.; 43 Highland Street, 
Worcester, MA 01609 (US). 

(81) Designated States : AT, AT (European patent), AU, BB, BE 
(European patent), BF (OAPI patent), BG, BJ (OAPI 
patent), BR, CF (OAPI patent), CG (OAPI patent), CH, 
CH (European patent), CM (OAPI patent), DE, DE 
(European patent), DK, ES, ES (European patent), FI 
FR (European patent), GA (OAPI patent), GB, GB (Eu- 
ropean patent), HU, IT (European patent), JP, KP, KR, 
LK, LU, LU (European patent), MC, MG, ML (OAPI 
patent), MR (OAPI patent), MW, NL, NL (European 
patent), NO, RO, SD, SE, SE (European patent), SN 
(OAPI patent), SU, TD (OAPI patent), TG (OAPI pa 
tent), US. 

Published 

With international search report. 
Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



< 54 > Tit,e: STABILIZED MICROPOROUS MATERIALS AND HYDROGEL MATERIALS ' 

(57) Abstract 

A hydrophilic substitute of a bicontinuous cubic phase in equilibrium is polymerized and unpolymerized comoonents are 
subsequently removed and replaced with water, creating a hydrogel which is locally highly r^s-linlSC^KSSSStS 
because of the presence of a penodic network of water-filled macropores superposed on the hydrogel matrix ie d amTte of 
these macropores can be preselected between 20 Angstroms and several hundred Angstroms or even hLeT and in geneXiH be 

ZtJ^Z w*l mlCr ° P K r , eS Withi " the hydr ° gel - ™ 6 hydr °8 el has hi 8h -ter content, good m JSn^lt^S^2t 
s rength and h.gh permeabrt.ty to oxygen. Pore size can be chosen to allow passage of molecules of pre-selecteS The "hvd™ 
el ,s useful in a contact lens and other biological and medical applications. y 8 " 



# 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international 
applications under the PCT. 



AT 


Austria 


ES 


Spain 


MG 


Madagascar 


AU 


Australia 


FT 


Finland 


ML 


Mali 


BB 


Barbados 


FR 


France 


MR 


Mauritania 


BE 


Belgium 


GA 


Gabon 


MW 


Malawi 


BF 


Burkina Fasso 


GB 


United Kingdom 


NL 


Netherlands 


BG 


Bulgaria 


HU 


Hungary 


NO 


Norway 


BJ 


Benin 


IT 


Italy 


RO 


Romania 


BR 


Brazil 


JP 


Japan 


SO 


Sudan 


CA 


Canada 


KP 


Democratic People's Republic 


SE 


Sweden 


CF 


Central African Republic 




of Korea 


as 


Senegal 


CG 


Congo 


KR 


Republic of Korea 


su 


Soviet Union 


CH 


Switzerland 


U 


Liechtenstein 


TD 


Chad 


CM 


Cameroon 


LK 


Sri Lanka 


TG 


Togo 


DE 


Germany, Federal Republic of 


UJ 


Luxembourg 


US 


United States of America 


UK 


Denmark 


MC 


Monaco 









WO 90/07575 


KUI/U5»y/U3»<Hl 






• • 






STABILIZED MICROPOROUS MATERIALS 






AND HYDROGEL MATERIALS 




OUTLINE 


OF THE CONTENTS OF THIS APPLICATION • 




1. 


FIELD OF THE INVENTION 




2. 


BACKGROUND ART 




3. 


SUMMARY OF THE INVENTION 




4. 


BRIEF DESCRIPTION OF THE DRAWINGS 




5. 


CLARIFICATION OF SOME TECHNICAL TERMS 










6. 


DETAIL^ DESCRIPTION OF THE INVENTION 




7. 


MATERIALS AND PROCESS VARIATIONS 






Class 1 processes 






Class 2 processes 




8. 


INDUSTRIAL APPLICABILITY 






0 




9 . 


ISOMERIC MEMBRANES 




10. 


ADVANCES IN MEMBRANE TECHNOLOGY 




11. 


BRIEF EXAMPLES OF THE SIGNIFICANCE OF THE 






ADVANCES 




12 . 


FURTHER BACKGROUND , DISCUSSION AND EXAMPLES 






CATALYTIC REACTIONS 






PHOTOCATALYTIC REACTIONS 






IMMOBILIZED ENZYMES 






OTHER BLOOD APPLICATIONS 






SEPARATIONS USING TRANSPORT PROTEINS 






AS A SCIENTIFIC STANDARD 






CHOOSING PORE MORPHOLOGY AND SIZE 






AFFINITY-BASED SEPARATIONS 


» 




CREATING ASYMMETRY 






MICRODEVICES AND MOLECULAR ELECTRONICS 



WO 90/07575 



PCT/US89/05864 



13 . FURTHER EXPERIMENTAL RESULTS AND PROJECTIONS 
14 ./I FURTHER DETAILS OF MATERIALS INCORPORATING 

BIO-ACTIVE AGENTS 
14/2* 

15. APPENDIX A(FORM FACTOR PROGRAM ) 

16. APPENDIX B (TOTAL FREE ENERGY PROGRAM ) 

17. APPENDIX C (REFERENCES^ 

18. APPENDIX D: PcLV^Z^VCrJ OF LYOTROPIC LIQUID 
CRYSTALS 

19. APPENDIX E ISOTROPIC BICONTINUOUS SOLUTIONS IN 
SU*Pf£7*Atf--SOLVENT SYSTEMS: THE L SUB 3 PHASE 
20/1 CLAIMS A 

20/2 CLAIMS B 
21. FIGURES 1-9 

*14/2 HYDROGEL MATERIALS FOR CONTACT LENSES , ETC. 



Pages Total 

Description 

1.0-1.4 5 

2-6A 6 

7-8.5 7 

9-132 124 

133- 133-26 27 

A1 -A4 4 

B1 -B3 3 

CI -C8 8 

D1-D14 14 

E1-E41 4-1 

Claims 

CAT 1 

CB1 -CB5 5 

Drawings -1 0 



WO 90/07575 



PCT/US89/05864 



3 



ThS prese « invention is ln , h 
Soporous membrana 

— an d partio Ularly J' eSPeCla1 ^ -Wic 

— n wlth blol ; - - -u^. ln 

Orations. ana in * ~, ln 

'»<* as =ri tical phase P t; . lnV ° 1V1 " 9 — Structure 

— eUe t ro„ lca e P t ; e —events. 



The invention pertains to nydroge! a P p lioations , 
Particularly soft oontact lenses, but also other me aical/ 
biological applications „ h ere h ig h strength at „ igh ^ 
content, bioeompatibility, and/or n,acroporosity are 
necessary or desirable. 
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The past 20 years has seen tremendous growth in 
the applications of polymeric membranes, not only in 
filtration — microti! trat ion (MF), ultrafiltration (UF), 
and hyperfiltration or reverse osmosis (RO) - but also in 
variety of other areas such as fuel cells and batteries, 
controlied-release devices as for drug or herbicide 
metering, dialysis and electrodiaiysis, P e rvapor a t Lon , 
electrophoresis, membrane reactors, ion- s e 1 ec t i ve 
electrodes, and as supports for liquid membranes, to name 
some important areas. Furthermore, modification of neutral 
polymer membranes can yield ionomeric or 'ion-exchange' 
membranes which are finding increasing application in many 
chemical, electrochemical, filtration and even biochemical 
processes. In many applications the availability of a 
membrane with precisely-controlled porespace and high 
porosity would represent a significant technological 
advance . 
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The ultimate membrane would have identical, highly 
interconnected pores comprising a porespace with perfect 
three-dimensional periodic order. This ideal has been 
approached in the development of polymeric microporous 
membranes but never achieved. The simplest type of sieve is 
a net filter, where each layer in the filter is a woven 
mesh. The geometry of the pore space in a given layer is 
thus a close approximation to a finite portion of a 
doubly- per i 0 dic net, the latter being a mathematical 
idealization with perfect regularity within the plane. Note 
that if, i n addition, these doubly-periodic layers are 
stacked at regular intervals with all layers in vertical 
registry, the resulting sie ve is triply-periodic. Woven mesh 
Alters are not available with pore sizes less than about 60 
microns, so they cannot be used for reverse osmosis, 
ultrafiltration, nor even microf iltration . 

Another doubly-periodic geometry that is achieved 
in some filters is that of hexagonally close-packed 
cylindrical pores. For example, glass capillary bundle 
filters are made from close-packed arrays of parallel glass 
capillaries. Capillary arrays can also be formed from 
hollow fibres of organic polymers, although these are not 
yet available commercially. A ma jor drawback of 
cylindrical-pore filters is the lack of porespace branchings 
and reconnections, which leaves only one pathway for a fluid 
Particle entering a given pore; thus clogg . ng ^ 

ft 
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serious problem, as does sensitivity to handling. of 
course, cylindrical pores can provide a narrow distribution 
of pore sizes without necessarily lying on a doubly- per iodic 
lattice; for example, nucleation-trac* fibers have randomly 
Placed parallel cylindrical pores. But this randomness 
means that the number of pores per unit cross-sectional area 
must be ke pt small to maintain monodispersity , so that these 
filters have the additional drawback of low porosity and 
thus low filtration rates. Nevertheless, nucleation-track 
filters are considered the best membrane filters available 
for sieving below 60 microns, despite these obvious 
drawbacks. 

0. S. Patent no. 4,280,909 describes a microporous 
membrane which is , strlctly triply . per iod ^ 

the topology o£ the po^p^ ls exactly ^ ^ 

oapillary array membranes, namely the flow channels are 
striotly linear and there are no porespaoe branchings or 
reoonneotions. The periodicity in the third dimension 
refers only to the vertical stacking of tapered pores of 
egnal height, so that the cylindrical pores of the capillary 
array membrane have become instead tubular pores with a 
periodically varying diameter. This membrane does not 
satisfy one of the most important desired features, namely 
the intricate yet controlled porespace. A precisely defined 
porespace with branching and reconnections , in which each 
identical pore body connects to exactly the same number of 
other pore bodies through identical pore throats, is 
important in: 
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a) reducing clogging, as when the membrane is used for 
filtration, for example; 

b) enhancing mixing, as when the membrane is used in 
catalysis or ion exchange, for example; and, 

O providing accessible channels and pore bodies of specific 
shape, as when the membrane is used in the preparation of 
metal microstructures [Jacobs et al. 1982], for example. 
Sintered-particle membranes have intricate 
three-dimensional porespaces with many interconnections, but 
have oddly-shaped and polydisperse pores as well as low pore 
density, the latter drawback being the primary reason they 
have been generally replaced by membrane filters. Most 
sintered-particle filters have retention ratings at or above 
0.7 microns. 

The membrane that is most commonly used in 
particle filtration has high porosity but a random, 
irregular porespace that makes it generally unusable as a 
sieve. Distributions of pore radii in cellulose nitrate 
membrane filters have been measured using mercury 
porisimetry, and the distributions are very broad: the 
full-width at half-maximum ( FWHM ) of the distribution is 
about equal to the average radius [Brock 1983], 
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in the realm of nonpolymeric sieves , zeolites 
Provide fairly well-controlled. tri pl y-p eriodlo pore 
network, out t h e free diameters of aperatures governi „ g 
-cess to channels are g enerally le ss than 2nm , and in fact 
nearly always les s than !„„ [Earrer 197g]| ^ ^ 
Porosities or zeolites (defined as cc's or water per cc of 
-ystal, are nearly always less than 50, .urthermore, most 
routes selectively ahsorh polar molecules because most are 
themselves highly polar, having high local electrostatic 
fields and field gradients t Barrer 1 978) . Perhaps most ■ 
-portantly. the macroscopic size of zeolite crystals has 
-ry serious practical limitations making such materials 
unsuitable for forming reasonably !ar g e membrane-li.e 
structures with the necessary degree of continuity. 

These and other difficulties with prior materials 
and methods have been obviated in a novel and inventive 
manner by the present invention. 
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SUMMARY OF THE INVENTION 

The invention involves a polymeric, microporous 
membrane material characterized by a continuous, 
triply-periodic, highly branched and interconnected pore 
space morphology having a globally uniform, pre-selected 
pore size. The pore size ranges from two nanometers to sixty 
microns, preferably in the range of two nanometers to one 
micron and particularly preferably on the order of ten 
nanometers. The material of the invention is characterized 
by high porosity: greater than fifty percent and, for 
certain applications, greater than ninety percent. The 
invention involves controlled variation of the pore 
characteristics, particularly the electro-chemical 
characteristics . 

The invention involves several related methods for 
forming microporous membrane materials, including 
polymerization of the hydrophobic component in a ternary 
surfactant/water/hydrophobe cubic phase, and other 
thermodynamically stable or metastable phases of 
Phase-segregated systems, especially systems which are 
substantially ternary or binary. 
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in one aspect the invention is particularly 
Erected to materials developed from an equilifarium ^ 
Phase of a binary or ternary system 

(hydrophobic/hydrophylic/surfactant) in which any of the 
oil, aqueous, or surfactant phases is polymerized after 
equilibriation . 

A further aspect of the invention is particularly 
directed to applications of these novel materials in: 
immobilization, encaps/li 2at ion , and/or controlled release 
of biologically active agents such as enzymes, other 
proteins, cell fragments, and intact cells, especially 
making use of biocompatible materials; critical filiations 
including chiral separations, affinity-based separations, 
dialysis, protein seiving, and active transport; processes 
such as measure of critical phase transitions; and in 
microelectronics, molecular electronics, and 
bio-electronics; and other applications where a controlled 
pore space is necessary or advantageous. 



WO 90/07575 ^ w PCI7US89/05864 



10 



15 



20 



25 B 



// 

BRIEF DESCRIPTION ~y THE DRAWINGS 

FIG. 1 shows small-angle x-ray scattering data 
from membrane material according to the present invention 
individual marks represent recorded intensities at each 
channel. Vertical lines indicate theoretic pea, positions 
for a structure of space group Im3m and lattice parameter 
11.8 nm. The label on the abscissa is s=2 sin 
CthetaVlambda, where theta is one-half the scattering angle 
and la md a is the wave length of the radiation used. The 
large pea, at ... 00 2 5/ An gstrom is due to the main beam, and 
is not a reflection. 

FIG. 2 shows an electron micrograph of nen brane 
materia! according to the invention. D ar k regions correspond 
to PMMA, and light regions to void. Pegions of particularly 
good order are outlined. (Magn. 1,000,000). 

FIG. 3 is the optical diffraction pattern of the 
negative used to Kt e fig. 2 . The elght . spot pattern 

indicated with circles provides further demonstration of 
cubic symmetry. 

FIG. 4 A,B, and c are computer-generated pictures 
of , theoretical model structure, from Anderson, 1986, the 
applicant's doctoral thesis. The surface has constant mean 
curvature, and divides space loto tKO lntarpenetrating 
labyrinths, one threaded by g raph A and the Qther fay ^ 
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A) (upper). Computer graphic, viewed 
approximately along the (110) direction. 

B) Projection in the (111) direction. 

C) (lower). Line drawing, without hidden line 
removal, from an oblique angle. 

FIG. 5 A and B show digitized electron micrograph 

of: 

A) a bicontinuous cubic phase in a star-block 
PI/PS copolymer, and 

B) a prediction using a bicontinuous model 
from the applicant's doctoral thesis, Anderson, 1986. 

The model used was determined by the 
constant-mean-curvature surface of the 'D' family (Pn 3m 
symmetry) which matches the volume fractions of the sample. 
A computer was used to send projection rays through the 
theoretical model, and the grey level at each pixel 
calculated. 

FIG. 6 combines the views of FIGS . 5 A and B for 
clearer comparison. 

FIG. 7 sets out thre equations used in the 
calculation of the behavior of block copolymers. 



Figures 8 and 9 illustrate some results from 
evaluation of size and dispersity of pore sizes in certain 

cubic phases by t - h ermo r>«^— ~ t-u 

i CTi^rmo pofws thermoporimet^ry . 



15 



20 
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Clarification of some technical terms. 



Membrane . This word has two quite distinct 
meanings, but fortunately these can easily be distinguished 
from the context. One meaning relates to a microporous 
material, generally fabricated to be of very small thickness, 
but much larger in the other two dimensions. The other 
meaning is much more microscopic, and originates from 
biological contexts. This second meaning is that of a lipid 
bilayer (into which are incorporated enzymes), which serves 
to separate different regions of Che cell, or to enclose the 
cell itself, or more generally it refers to the generic bilayer 
independently of any biological function it may serve (such as 
used by theoreticians who study surfactant biiayers and their 
properties). 

Mean curvature, Gaussian curvature . At each point 
on a smooth surface, there are two directions along which 
the normal curvature is greatest and least. The values of 
these curvatures (which are reciprocals of radii of curvature) 
are called the principle curvatures. One-half the sum of 
these curvatures is called the mean curvature, and the 
product of these curvatures is the Gaussian curvature. In 
bicontinuous cubic phases, at most points on the midplane 
surtace the surface is saddle-like, with principle curvatures 
in opposite directions, so that the 
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Gaussian curvature is negative and the mean curvature is 
generally small in magnitude (due to a partial cancellation 
when summing the two curvatures). 

Minimal surface, constan t mean curvature surface. 
spontaneous mean curvature . A surface which has zero mean 
curvature at every point is called a minimal surface, by 
definition. A surface which has the same value of mean 
curvature at every point on the surface is called a surface 
of constant mean curvature (or an 'H-surface 1 for short). 
H-surfaces are important for two reasons: first of all, they 
minimize surface area under a volume fraction constraint; 
second, and more importantly here, the balance of steric, 
van der Waals, and electrostatic forces between surfactant 
molecules (and other molecules which may penetrate into the 
surfactant film) determines a "preferred" or "spontaneous" 
mean curvature of the film, which in most interpretations is 
registered at the polar/apolar interface at or just inside 
of the surface describing the location of the surfactant 
head groups; since the composition of the surfactant film is 
rather homogeneous in most cases, a surface of constant mean 
curvature is a very good representation of the interface. 

Bicontinuous. A material in which two or more 
components are continuous simultaneously. Most authors 
define continuous in terms of the existence of 
sample-spanning paths in all three directions. Thus, the 
lamellar phase is not bicontinuous, because there are no 
sample-spanning paths in a direction perpendicular to the 
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.-lamellae. Some authors use a much stronger definition, 
namely that it is possible, £or either coraponent , tQ 
any two points lying in the same component (say, water ) with 
a path through only that component. The bicontinuous cubic 
Phases satisfy both definitions, so that this difference in 
definitions does not pose any difficulty. It should be 
noted that in a ternary surfactant/oil/water bicontinuous 
Phase (e.g., a cubic phase, microemulsion , or L3 phase), the 
surfactant is also continuous by necessity, and thus the 
structure is actually tricontinuous ; however, this latter 
term has not been adopted by the community. 

Triply-periodic . Possessing periodicity in three 
directions, which are linearly independent; that is, none is 
simply a linear combination of the other two (thus, the 
third vector points outside of the plane determined by the 
r-irst two). An infinitely wide checkerboard would be 
doubly-periodic; a lattice of gold atoms is triply- per i od i c 
(in the present context we do not require infinite extent.) 

Birefrinqent . Having different refractive indices 
in different directions. This property is, with transparent 
materials, very easy to test for, because birefringent 
materials placed between polarizing lenses oriented at right 
angles allow light to pass through, and usually give rise to 
beautiful colors and textures through such crossed polars . 
The lamellar and hexagonal phases are generally 
birefringent, because there is an orientation of 
carbon-carbon bonds of the hydrocarbon tails with respect to 
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the optic axis (which is normal to the lamellae in the 
lamellar phase, and along the cylinders in the hexagonal 
Phase). The (unstrained) cubic phases are non-biref ringent 
by virtue of the equivalence of the principle directions. 

Vesicle; Liposome. If a surfactant bilayer closes 
up to form a closed, often roughly-spherical, sack enclosing 
an aqueous interior and also having an aqueous exterior, 
then this is called a unilamellar vesicle (ULV) . A nesting 
or such vesicles is called a multilamellar vesicle (MLV) 
By convention, when such structures are made from lipids 
they are called liposomes. Most liposomes have diameters 
measured in microns. Most are also rather dilute in 
surfactant, although under certain conditions the separation 
between the bilayers can become approximately the same as 
the bilayer thickness itself, so that the volume fraction of 
surfactant is on the order of one-half within the liposome, 
and in some such cases x-ray diffraction exhibits Bragg 
peaks indicating periodic order in the lamellar spacing. 

Highly-connected. A surface which has a property, 
that any closed loop on the surface can be reduced to a 
point by continuously shrinking the loop without ever 
leaving the surface is called simply-connected. More 
complicated surfaces are not simply-connected, the simplest 
multiply-connected surface being a circular annulus; the 
annulus is in fact doubly-connected, because a single cut in 
the surface (such as a radial cut) can reduce the surface to 
a simply-connected one. The surface which describes the 



WO 90/07575 



PCT/US89/05864 



miapiane ox the bilayer in a Bur f, fl) . ui 

yer a surfactant /water bicontinuous 

cubic phase is very highly-connected, and in fact the 
unbound, tr iply _ periodic idealizafcion Qf ^ ^ 
inr mitely-connected. 
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V 

DETAILED DESCRIPTIOjj HP ITONTIOM 

A bicontinuous morphology is distinguished by two 
interpenetrating, labyrinthine networks of ordinarily 
immiscible substances driven 19,6,, ln whlch 
phase separation is prevented by one of at ^ ^ 
possible means, X) cheniical llnking ^ ^ 

components, as in block copolyners; Qr 2 , ^ 
surfactant. » triply-periodic ^continuous morphology (tpbm 
hereafter, is further distinguished by long-range 
three-dimensional periodic ordering conforming to a space 
group. TPBMs were proposed in the late 1960's and 1970's as 

possible microstructurpts in k; 

tructures in binary surfactant/water 'cubic 

Phases' [L uz,ati et al . 1966; Lindbiom ^ w79ji ^ ^ 

ternary surfactant/water/oil cubic phases [S criven 1976, 
(cubic phases are also known as 'viscous isotroplc phase , 
Uguid crystals,. Th is has been fairly well established for 
«rtar„ binary cubic phases [L ongely and Mcintosh 1983- 
Hilfors et al. 1986, , but until this diclosure, demonstrated 
with less certainty in the case cf ternary cubic phases 
Underson 1986 ; Pontell et al . 1986; Ril£ors £t ^ wg(j 
TPBM's have also been demonstrated in phase s of cubic 
symmetry oocuring in block copolymers Ulward et al „„. 
Hasegawa et al. 1986,. Described herein is the first ' ' 
Polymeric microporous membrane with a highly-branched, 
triply-periodic network cf submicron pores, which has been 
produced by radical chain polymerization of the oleic 
component «e.g. methyl methacrylate , of a ternary 
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"Binary" and "Ternary" : 

In this description, it should be noted that when 
the terms "binary system" or "ternary system" are used, they 
are not meant to exclude systems in which additional 
components are present but do not affect the development of 
the desired phase-segregation. For example, components may 
be present in such small relative quantities that the system 
is equivalent to a binary or ternary system for the purposes 
of this invention. Furthermore, one component may consist of 
sub-components which present nearly identical phase 
characteristics or which together present a single phase 
characterisic without departing from this invention. Thus, 
for example the definition includes a ternary 
hydrophobe/water/surfactant system whose water portion is a 
50-50 mix of water and deuterated water and/or whose 
hydrophobic component is a mix of sub-components which 
segregate substantially together under the fabrication 
conditions to be applied. 
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The procedure used to produce the first example 
began with a mixture of 1 am of the surfactant 
didodecyldimethylammonium bromide (DDDAB ; the registry 
number of DDDAB is 3282-73-3,, 1.4 ml of distilled water 
and 0.26 ml of methyl methacrylate (MMA ) which had been 
purified by vacuum distillation and to which had been added 
0.00, gm/ml of a.obisisobutyro-nitrile (AIBN) . The mixture 
»as strrred vigorously with a agnatic stir bar in a capped 
Vial .when styrene was used instead of hma, stirring had to 
^ very gentle,. After a few minutes magnetic stirring 
became impossible because of high viscosity, which together 
«lth optical isotropy as checked by observation between 
crossed polarising lenses indicate a cubic or ■ viscous 
isotropic phase. At approximate^ the same volume 
fractions but with alxanes such as decane or dodecane, cubic 
Phases have been reported by Pontell et al. C1986, and by 
the present author [A nderson 1986, , verifi ed in ^ cases 
by Small Angle x-ray Scattering. After equilibrating for a 
-ex at 23C, the mixture was smeared onto the end of the 
Plunger of a large syringe, and pushed through an « gauae 

needle into a 1 5 mm i a v 

1.5 mm i. d . X-ray capillary. After loading 

and sealing of the caniiinr,, 

capniary, the sample remained clear and 

optically isotropic. The optical isotropy of cubic phases is 

due to the equivalence of the three principle directions; 

other l iguid crystalline phases are birefringent 
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The capillary was then placed in a photochemical 
reactor having f our Uv lights , ^ ^ ^ 

The sample was exposed for 36 hours, to bring about radical 
chain polymerization of the mm A via the decomposi tion Qf 
AIBN into initiating radicals. By the end of this time the 
sample was opaque white in appearance. 

The sample was first examined by Small Angle X-ray 
Scattering. A Kratky small-angle camera equipped with a 
position-sensitive detector was used, with tube power set at 
1000 watts, and data collected for fi ve hours. The result 
is shown in FIG. 1, and it is clear that distinct Bragg 

peaks are recorded. This W prif,' as «-u , , 

mis verifies that the sample has 

long-ranged periodic ordering. Ia FIG . 1 are indicated the 
theoretical peak positions for a body-centered cubic space 

group, i m3 m, and it is seen that the theoretical peaks are 

represented by the data. 

Recent self -diffusion measurements on 
DDDAB/water/dodecane cubic phases at approximately the same 
composition [Fontell et al . 1986] indicate that the cubic 
Phase is bicontinuous. This was also the conclusion of the 
present author, with decane as oil [Anderson 1986] . That 
this is also true of the present phase after polymerization 
will be shown herein. it should be mentioned that the 
present applicant has shown [Anderson 1986] that SDS 
micelles can be swollen with monomeric styrene, and with no 
perceptible change in diameter after polymerization. 
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A portion of polymerized sample was dried in a 
vacuum oven, ultramicrotomed , and examined with an electron 
horoscope. The f orces of surface tension Qn dry . ng ^ 
be expected to deform the porous pmma structure, as would 
5 the stress induced by the microtome blade. In spite of 
this, the electron micrograph in FIG . 2 (magnification 
l,000,000x, clearly indicates regions of periodic order, and 
thxa is substantiated by FIG. 3 which is an optical 
transform of the negative used to make FIG . 2. Cubic 
10 symmetry is indicated in FIG . 3 by the eight spot 

diffraction pattern. FIG. 4 shows a theoretical model of a 
*PBM of Im3m symmetry that was discovered by the present 
applicant [Anderson 1986; see also Nitsche 1985]. FIG. 4a is 
a color computer graphic of the surface, and 4c is a line 

15 drawing of the same surface. FIG 4b is a fill » 

* D ls a (HI) projection 
of the model structure. As described in the present 
applicant's thesis [Andersen 1986), the region lying on the 
»- side of the surface as the graph A in FIG . 4a should he 
envisioned as being occupied by the surfactant talis and the 
20 MMA, with the region lying on the sa K side of the surface 
as the graph B containing the water and counteriona, and 
surfactant polar groups located near the dividing surface- 
after polymerization, the PMMA forms . solid ^ 
the MMA was located, this matrix heing threaded by the graph 
« A. The ,111, projection in FI G . 4b provides . ^ 
representation of the ordered regions in pig. 2. 
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The same structural model was used to explain SAXS 
Peak positions and relative intensities for a cubio phase 
with deoane as oil, i„ the present author , s ^ 
"86,. Since the model represents a bicontinuous structure, 
it is consistent with the high self-diffusion rates measured 
for the same phase tPont.ll et al . 1986] , and wlth the high 
vrscosity cf the sample. This high viscosity plays an 
important role in preventing rearrangement of the 
microstructure during polymerisation. 

The fact that the polymerized sample can be dried 
and microtomed and observed under the electron beam is proof 
m itself that the MMA has indeed polymerized into a 
continuous polymeric matrix, because the microtoming was 
done at room temperature and MMA is a liquid at room 
temperature. Further proof was provided by the following 
experiment. The x-ray capillary was broken open and the 
contents put in methanol, which is a solvent for MMA but a 
precipitant for polymerized MMA .polymethyl methacrylate , or 
PMMA, . in the 1.5 mm i.d. capillary, the sample was 23 mm 
long, so that its total volume was 40.6 cubic mm. This 23 
mm section of capillary was broken up in a large volume of 
methanol. since water and DDDAB are very soluble in 
methanol, these two components, as well as any unpolymerized 
««A, were able to pass through a filter paper. However, the 
PMMA and the glass from the broken capillary are not soluble 
and did not pass through. The broken grass and the white ' 
precipitate that were stopped by the filter paper were found 
to have a total weight of 0.006 g m . The weight of 23 . 
length of glass capillary is 0.004 gm, so that the amount of 
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precipitate was 0.004 gm. since the density of MMA is 1.014 
gm/ml, and that of both water and DDDAB is 1.00, the mass of 
MMA in the 40.6 cubic nun of sample investigated should have 
been 9.7% of that sample, which corresponds to 0.004 gm, as 
observed. Note that since MMA increases in density by 20% on 
polymerization, the volume fraction of PMMA in the capillary 
is only 8%. Yet the PMMA is continuous as evidenced by its 
integrity; a single connected piece has remained intact 
floating in methanol for many weeks. 

The opaque white appearance of the porous polymer 
arises from the fact that the microcrystallite sizes are on 
the order of the wavelength of light, and exhibit tremendous 
multiple scattering due to the large refractive index 
difference between the matrix, which is PMMA (n=1.4893 at 
23C), and the other subspace, which is either water (n-1.33) 
or void (n=l for vacuum, and approximately 1 for air), 
depending on whether or not the membrane has been dried. it 
is well known that cubic phases often have large 
microcrystallites, as evidenced by spotty x-ray patterns 
[e.g., Balmbra et al . 1969], and in some cases even by 
optical microscopy [winsor 1974], so that SOOnm would not be 
unusually large. 

It is, of course, possible to dry the membrane 
without subjecting the matrix to forces of surface tension, 
by a process known as critical point drying. m general 
this is not necessary, however, because the membrane can be 
kept wet at all times during use. 
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The membrane type described herein can be 
fabricated in many ways. As mentioned above, bicontinuous 
nucrostructured phases (of cubic symmetry) occur also as 
equilibrium morphologies in block copolymers, and chemical 
erosion of one component can result in a similar membrane 
type. It has been shown [Alward et al . 1986] that the 
lattice si2e scales as the 2/3 power of the molecular weight 
of the copolymer, if the ratio of the two components is 
fixed. Since anionic polymerization reactions can produce 
star-block copolymers with extremely narrow molecular weight 
distributions, fabrication with copolymers provides a means 
of producing a membrane of prescribed pore size. 

The surfactant DDDAB was chosen for the 
fabrication of this first example because it has been shown 
to form bicontinuous phases with many oil-like compounds: 
hexane through tetradecane [Blum et al . 1985J; alkenes 
[Ninham et al . 1984], and cyclohexane [Chen et al . 1986]; 
brominated alkanes [present author, unpublished]; and 
fixtures of alkanes [Chen et al . 1986]. However, an 
extensive study of cubic phases [Rilfors et al . 1986] 
indicates that bicontinuity is the rule rather than the 
exception. Therefore there exists a wide variety of ternary 
systems that provide possible paths to the type of membrane 
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described herein. In additio „_ Mna ry water/polymerizable 
surfactant cubic phases could provide another route, 
although it is doubtful whether porosltles of M% couifl ^ 
obtained in this manner. since Mnaty ^ ^ 
occur near 50/50 surfactant/water. Zadsadsinski 11985, has 
synthesis a polymerizable phospholipid, and produced 
lamellar phase liguia crystals which retained the same 
periodic spacing after polymerization, as checked by 
electron microscopy , Zadsadsinski 1985] and by SAXS [present 
author, unpublished,. Alternatively, a similar end product 
can be obtained by chemical alteration of a cubic phase 
formed from block copolymers, as mentioned above. One 
-pect of the present invention relates to the final product 
irrespective of the particular process used to derive it 
The polymerization of the oleic component of a binary or 
ternary hexagonal phase, or enemies! alteration of a block 
copolymer cyli„ dr i cal phase , to yLM _ ^ _ 

doubly-periodic arrangement of cylindrical pores, would also 
be an useful modification of the present invention, as would 
the polymerization of a microemulsion containing a 
polymerizable component (for the definition of a 
microemulsion, see [Danielsson and Landman 1981]). 
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Other modifications of the process could produce 
membranes with special properties. For example, proper 
choice of monomer which forms an ionomer on polymerizat ion 
would result in a membrane with electrically charged 
tunnels. Or the monomer could be chosen to form a 
conducting polymer on polymerization. Or if the matrix were 
made with opposite ion-selective properties on its two sides 
(as should be possible in principle with ternary cubic 
Phases using a polymerizable surfactant, since one side of 
the surfactant-laden interface is polar while the other is 
nonpolar), then a bipolar membrane with a great deal of 
surface area would be obtained. Another possible means of 
achieving the same end would be to form a cubic phase using 
a triblock copolymer. Thus, in addition to providing a 
range of pore sizes that overlaps with that provided by 
zeolites but extends to xnuch larger sizes, the new membrane 
type provides the possibility of high porosity, high 
coordination number, triply-periodic porous media with 
either nonpolar or polar characteristics. 
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There are many potential processes and 
combinations of materials that could produce polymeric 
membranes with triply-periodic, submicron porespaces from 
thermodynamically stable or metastable bicontinuous 
triply-periodic phases. Possible routes to the fabrication 
of such a membrane will now be discussed, with an eye toward 
different membrane applications and the membrane 
characteristics called for by each. These routes fall into 
two general classes: 

1) polymerization or solidification of a component or 
components of a surfactant-based triply-periodic fluid 
phase; and 

2) chemical degradation of one or more blocks in a 

15 multiblock or graft copolymer-based triply-periodic phase. 

There are some important similarities betwen these 
two approaches as well as distinctions; for nonionic 
surfactants can be made which have as few as 20 carbons (see 
[Kilpatrick 19 83] for a discussion of the minimum carbon 

20 number for these amphiphilic alcohols to be true 

surfactants), or with molecular weights of thousands when 
they are referred to as block copolymer polyol surfactants 
[Vaughn et al . 1951], and it is possible that there is a 
continuum of bicontinuous cubic phases with increasing 

25 surfactant- molecular weight that at low Mw yield membranes a 
after a polymerization reaction, and at high Mw yield 
membranes on the removal of other component ( s ) . Following a 
discussion of the two classes, methods will be discussed for 
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fabricating triply-periodic ionomeric membranes by similar 
means or by modifications of neutral membranes of the type 
described. 

Finally, a hybrid process will be dicussed in 
which a membrane formed by a type 1) process (or l ess likely 
a type 2) process) is infiltrated with a polymeri zable 
material that is then polymerized, after which the original 
material is eroded away. In such a process the initial 
membrane would be of low porosity, say 10%, so that a 90% 
porosity membrane would finally result, and there would be a 
great deal of freedom in choosing the final monomer since 
the triple-periodicity would already be imposed by the 
initial membrane. A further variation of this process would 
be to infiltrate with a polymer that is above its melting 
temperature, and then allowing the polymer to solidify; the 
polymer that formed the original matrix would then be 
dissolved away by a method such as those discussed in this 
section . 

Class 1) processes. 

In the first general class of procedures, a 
surfactant or mixture of surfactants is needed, which may or 
may not be polymeri zable , and except in the case of a binary 
polymerizable surfactant/water mixture, another nonaqueous, 
usually oil-like or at least hydrophobic component which 
must be polymerizable if the surfactant is not. Since the 
working definition of a surfactant is an amphiphile which is 
capable of cooperati vity such as that needed to form a 



WO 90/07575 W W PCT/US89/05864 



10 



15 



20 



25 



-?6 

liquid crystal, any amphophilic compound or mixture of 
compounds that can form a tr ipl y- perioalc „„„ ^ 
together with water and/or another nonaqueous component 
would have to be considered a surfactant, whether or not 
that title or some other title such as cosurf actant , 
amphiphile, bloc, copolymer or alcohol were traditionally 
used for the compound or mixture (recall that cubic phases 
are considered 'liquid crystals- by convention,. For 
-cample, recent wor* in Sweden [Guering and Linden 1983] 
has shown that biccntinuous mieroeuulsions can be formed 
with alcohols that are normally used as cosurf actants . Also, 
work in that same group [Lindman 1986J has shown that 
biccntinuous phases can be formed without water, using water 
substitutes,- because the same is probably then true of 
biccntinuous cubic phases, and because it should be possible 
to form biccntinuous cubic phases without any water-like 
component such as with a binary surfactant/oil mixture, 
water should not be considered essential to the process 
although it win „early always be involved (it is 
interesting that there has been nearly as much work done on 
surfactant/cil/pseudo-water micrcemulsions as on binary 

surfactant/oil liquid crystal, i„^„i v 

crystals, largely because of the long 

equilibration times necessary in the latter case). 

Another possible variation of process type 1) 
wculd be to form a biccntinuous triply- periodic phase ^ a 
surfactant, water, and a polymer above its melting point 
Once the phase has been annealed it would be brought down 
below its melting temperature and the solidified polymer 
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would then exhibit triply-periodic porosity. Such a 
variation of the process would allow a much larger variety 
of polymers since they could be synthesized beforehand under 
any desired conditions. The applicant has done work 
[Anderson (2)] in which a calculation of the thermodynamics 
of bicontinuous cubic liquid crystal morphology is compared 
with that of the competing morphologies — lamellar, normal 
and inverted hexagonal, and normal and inverted discrete 
oubic phases - to predict phase behavior based on certain 
molecular parameters. The dominant geometry-dependent 
energies are the so-called curvature energy, which results 
from the packing of the surfactant molecules at the 
hydrophilic/hydrophobic interface, and the entropic energy 
of stretching or compression of the surfactant tails, the 
two energies also considered dominant in a qualitative 
discussion by Charvolin [ 19 85 ] . The publication will 
indicate that the bicontinuous cubic phase structure should 
be expected for a wide variety of systems, because such 
structures can satisfy curvature requirements while 
simultaneously keeping stretching energies small. For 
example, for the family of constant-mean -curvature surfaces 
(which minimize area under the constraint of a given volume 
fraction) with the double-diamond symmetry (space group 
Pn3m) [see Anderson 1986], the author . has shown that the 
25 standard deviation in the distances which the surfactant 
molecules must reach is only 7% of the average distance. 
Furthermore, it is known that addition of oils to 
surfactant/water mixtures can 
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chan ge phase behavior by relieving stretching musm costs 9 

and Gruner i 985] , so that bicontinuous ^ ^ 
should be expected to arise on the addition of a third 
component, as in the case of DDDAB /water . 

As mentioned elsewhere in this disclosure, 
polymerizable surfactants have been synthesized 

[ Zadsadsinski 19851 an* -i 

■1985] , and liposomes made with the surfactant 

in water showed no chanoe in «(■■-„..*,„- 

ange in structure on polymerization, as 

measured by both x-ray diffraction and electron microscopy 
The particular surfactant synthesized was a double-tailed 
Phospholipid, with each tail containing one polymerizable 
couble bond. R ecently a great deal of interest has arisen in 
the chemical and biological sciences in the idea of using 
polymerizable surfactants to study surfactant 
microstores. As more types of polymerizable surfactants 
become available and more is learned about using them, the 
choices of materials available for fabricating a membrane of 
the type described herein from binary polymerizable 
surfactant/water triply-periodic phase will continue to 
broaden. it is now firmly established that phospholipids 
form bicontinuous cubic phases [Longeley and Mcintosh 1963- 
Lindblom et al. 1979, Hyde et a! . 1 984; f or a review see 
Rilfors et al. 19 W . A membrane formed by polymerizing such 
a cubic phase would be zwitterionic . 
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Bicontinuous cubic phases have also been formed 
with a variety of ionic surfactants. ln fact the fl „ t 
proposed bicontinuous cubic phase was in a binary soap 
system, potassium laurate/water [Luzzati and Spegt 1967]. 
Other examples of binary bicontinuous cubic phases f ormed 
with anionic surfactants are: sodium laurate, and relatives 
with other chain lengths [Luzzati et al . 1 968]; potassium 
octanoate, and with other chain lengths; and sodium 
ethylhexyl sulf osuccinate (Aerosol OT)/water fLinblom et 
1979]. An example of a binary bicontinous cubic phases with 
catxonic surfactants is dodecyltr imethyl ammonium 
chloride/water [Bull and Lindman 1974]. It has also been 
long known that many soaps, such as the strontium and 
cadmium soaps, form single-component cubic phases in which 
the hydrocarbon and ionic regions are each continuous 
[Luzzati and Spegt, 1967; also Luzzati et al . 1968]. Calciu, 
p-ethyl-w-undecanoate forms such a structure at room 
temperature [Spegt 1964]. Such a structure is to be 
considered bicontinuous in that the hydrocarbon and ionic 
groups in the anhydrous crystal are normally dispersed in 
such a way that either the polar groups or the hydrocarbon 
tails are segregated into discrete domains. Chemical attack 
on one of these moieties could yield a triply- periodic 
microporous solid, with either polar or nonpolar channels 
depending on the nature of the chemical erosion. 
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While an of the well-established bicontinuous . 
triply- per i. oalc phases are in fart- rt= 

are in fact of cubic crystallographic 
symmetry ,in eauiUbrium; viz.. i„ the absence of stress ' 
forces,, there is no reason to believe that triply- pariodic 
structures of other symmetries such as tetragonal, 
hexagonal, orthorhombic or other could not be found 
Although it has not been demonstrated „ith scientific rigor 
a bicontinnous phase of tetragonal symmetry, space group 
1422, was proposed by Luzzati et al. [1968]. I„ fact 
triply-periodic .i„i Ml surfaces , of ^ type ^^'^ ^ 
-dern treatment of bicontinuous liguid crystals, having 
three-dimensional noncubic apace groups are discussed by 
Schoen t 1970], and ln the applicant , s ^ 

1986]. The phase proposed by L uzzati et al. has not been 
substantiated hut if SUO h a structure did exist it would be 
well represented by the triply- periodic minimal ^ 
hexagonal symmetry discovered by Sohwarz 11890, and called 
«■- b, Schoen C1970], or by a surface of constant, nonzero 
mean curvature of the same space group and topological type 
(see Anderson 19 86]. other models of bicontinuous 
structures, satisfying the very strong constraint of a 
conatant-mean-curvature interface (the area-minimizing 
configuration,, „ hich are triply-periodic but have noncubic ' 
space groups, are presented in the author's thesis. 
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It should not be surprising that binary 
surfactant/water cubic phases have shown the ability to 
solubilize various hydrophobic or amphiphilic components. 
The cubic phase in the 1-monoolein/water binary system has 
5 been shown to solubilize diglycerides [Larsson 1967], 

protein, and cholesterol up to a molar ratio of 1 :3 with 
monoolein. Interestingly, a bicontinuous cubic phase in the 
dioleoylphosphatidyl glycerol/water system can actually 
solubili 2e the anesthetic dibucaine [Rilfors et al. 1986] . 
1° DDDAB and water can solubilize up to 11% dodecane in a 
bicontinuous cubic phase, and also styrane and methyl 
methacrylate as shown herein, as well as other alkanes 
I Font. 11 1986]. The soap sodium caprylate with water forms 
cubic phases with a variety of organics solvents including 
15 heptane, decane, and p-xylene [Balmbra et al . 1969]. 

A bicontinuous cubic phase has been found in the ternary 
sodium octanoate/octane/water system [Rilfors et al . 1986]. 
Thus there are substantiated examples of ternary 
bicontinuous cubic phases with zwitter ionic , cationic, and 
20 anionic surfactants. 

Bicontinuous phases also occur in ternary phase 
diagrams as islands which do not contact the binary 
surfactant/water edge - that is, they cannot be obtained by 
addition of a third (usually oleic) component to a binary 
» cubic phase. This is easy to understand, in that removal of 

the third component forces the surfactant tails to reach to 
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regions far from the hydrophilic/hydrophobic dividing 
surface, regions that could otherwise be filled by the third ? 
component [Kirk and Gruner 1985]. Thus no cubic phase occurs' 
in the DDDAB/water binary system, even though the addition 
of only a few percent oil can yie ld a bicontinuous cubic 
phase. 

It is quite possible that very inexpensive yet 
effective surfactants, produced from vegetable oils, will 
soon become available. Acylated ester sorbitol surfactants 
have recently been made using lipase enzymes in organic 
solvents such as pyridine [Klibanov 1987], and surface 
tension and emulsif ication experiments showed a high degree 
of surfactant behavior, higher in fact than analogous 
synthetic surfactants. m view of the surplus of 
carbohydrates in the United States, this method may prove to 
be a very economical source of surfactants in the near 
future. Since interfacial tensions as low as .1 dynes/cm 
have been measured between hexane and water using such a 
surfactant, it is likely that fluid microstructures , such as 
microemulsions, are forming in a narrow interfacial region. 
It is now generally agreed that bicontinuous microemulsions 
are responsible for the lowest oil/water interfacial 
tensions, so that these surfactants appear to have a 
sufficiently well-balanced HLB to form bicontinuous phases, * 
including perhaps bicontinuous cubic phases. 
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Block copolymer poZyol surfactants were first 
-nufactured under the trade na„e PLUKOHIC by BASF Wyandotte 
Corporation in 1950. Among the epoxides used as the 
hydrophobic blocks are tOS Pat. 3,101,3,4,. • propylene oxide, 
5 butadiene monoxide, 1,2-butylene oxide, styrene oxide, 

epiohlorohydrin, cyclohexene oxide, tetrahydrof uran , and 
9lycidyl alkyl ethers, these epoxides satisfy the condition 
that the oxygen to carbon ratio is not greater than 
among the epoxides used as the hydrophilic blocks are: 
" ethylene oxide, glycidol, butadiene dioxide, all of which 
have a oxygen to carbon atom ratio at least 0.4. The 
molecular weight of these surfactants can be as low as 767 
CPE 71') or can be in the thousands. As mentioned above, 
the ethoxylated alcohol C12B8 is of low molecular weight but 
" is a true surfactant IKilpatrick 1983). Therefore there is a 
variety of chemical units, and a wide range of molecular 
"sights that can yield these types of surfactants, and there 
«ist at least three means by which such a surfactant could 
be used to obtain a membrane of the present type: a> a cubic 
20 phase could be formed with a polymerias third component 
(or second component if water is unnecessary) and this 
component polymerized, b) the surfactant itself could be 
made polymerUable , or c, if the molecular weight of the 
block copolymer surfactant were high enough, the copolymer 
25 could provide the membrane matrix, after removal of one of 
the Mocks by chemical erosion or of one or more additional 
components suc h as the water and or a third component, which 
nugnt not call for any chenucai erosion. The key point about 
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the tremendous range of molecular weights over which the 
Polyol surfactants are available is that the pore size of 
the resulting membrane can be controlled over a very large 
range, possibly into the range of thousands of Angstroms. 

In the third part of this section possible methods 
are discussed for converting a neutral membrane of the 
present type into an ion-exchange membrane, but another 
possible means to achieve the same end would be to choose a 
monomer that on polymerization would yield the desired 

10 ion-exchange characteristics Pn i vma fu 

1CS - Polymethacrylic acid and 

polyacrylic acid are weak-ar-irf 

cire weak acid cation-exchange polymers, for 

example, and .since methyl methacrylate (which is quite 
polar) is easily incorporated into the DDDAB/water cubic 
Phase, it is possible that the same process could yield an 
15 ion-exchange membrane. 

Plasma is another means by which polymerizations 
could be carried out in cubic phases, and it is known that 
hydrophobic monomers such as 4-picoline and 4-et hyl P y ridine 
can become hydrophilic polymers on plasma polymerization. 
20 Photoinitiation by, for example, ultraviolet light 

is a very inexpensive means to polymerize a monomer, and 
also versatile, so that if volatile components were needed 
the mixtures could be protected from evaporation losses by 
materials transparent to UV light - such as quartz if thick 
15 walls were necessary (which is unlikely since 

Photoinitiation is usually done at atmospheric pressure) or 
ordinary glass if thicknesses are not large and the UV 
wavelength is kept at or above 350nm. 
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In the actual production of membranes, 
Polymerization by photoini tiat ion will be much simpler and 
quicker than in the main example detailed in this disclosure 
because thicknesses will be on the order of microns rather 
than millimeters. 

It is important to stress that the surfactant 
should be recoverable from the membrane in a simple 
post-polymerization step for reoyoli„ 9 , using a solvent for 
the surfaotant which is a „ ot a good solvent for the polymer 
- was done with methanol in the »i a example. sinoe the UV 
light need only penetrate micron-thick layers and since the 
Photoinitiator can be chosen to be much more sensitive to UV 
light than the surfactant, and since the reaction can be 
cone at room temperature and pressure, the polymerization 
reaction should have little effect on the surfactant. 
Another important characteristic of this general process 
type is that, because cubic phases are equilibrium phases 
and are extremely viscous, transient conditions that might 
affect other fluid microstructures (such as low viscosity, 
temperature-sensitive microemulsions ) have much !ess effect 
" as evidenced by the retention of cubic lattice ordering 
after polymerization in the main example - making the 
fabrication process flexible and reliable. Thus there is no 
reason why class 1) processes should be limited to 
polymerization by photoinitiation; initiation could be by 
thermal decomposition, redox, radiations such as neutrons. 
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alpha particles or electrons, plasma as mentioned above, or 
even electrolysis [Pistoia and Bagnerelli 19?9]> Jt . g 
feasible for a condensation polymerization to be performed, * 
if the condensate is something like water or a short-chained 
alcohol that would be incorporated into the water phase or 
the surfactant-rich interface. Fr0 m the standpoint of the 
stability of the finished membrane, it should be remembered 
that addition polymers generally have greater thermal and 
chemical stability than condensation polymers. 

Particularly in view of the variety of surfactants 
capable of forming bicontinuous cubic phases, there is a 
wide range of monomers that have potential for the basis of 
the matrix material in process type 1). Two monomers that 
have proven particularly successful are styrene and methyl 
methacrylate. Thus polar (PMMA ) and nonpolar (PS ) membranes 
have been produced. Both PMMA and PS are very inexpensive, 
about 50.30-50.60 per pound. As discussed elsewhere, the 
same surfactant DDDAB forms bicontinuous phases also with 
alkanes, cyclohexane, brominated alkanes , mixtures of 
alkanes and, significantly, alkenes . The latter is 
significant because the presence of carbon double-bonds 
makes these polymeri Z able , such as with a Ziegler-Natta 
catalyst; note that such a polymerization would yield a 
stereospecific polymer. Isotactic and 
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syndiotactic PMMA can be prepared with Ziegler-Natta 
catalysts, and these have been used in dialysis membranes 
[Sakai et al . 1980]. Isotactic polystyrene has high thermal 
and hydrolytic stability as well as stiffness, other 
relatives of PMMA provide potential materials for process 1) 
membranes, some offering particular advantages for certain 
membrane applications. As mentioned above, methacrylic acid 
is a relative of MMA that is the basis of some weak-acid 
cation exchange membranes, as is acrylic acid. Often 
copolymers with divinyl benzene are used. Another member of 
the acrylic family, polyacrylonitrile , is commonly used in 
UF membranes (usually as a copolymer with a few mole percent 
of another monomer such as styrene or vinyl chloride), and 
these are resistant to both hydrolysis and oxidation. 

Polyvinyl chloride (PVC) and its copolymers (such 
as with vinyl acetate) are free-radical initiation polymers 
which are also important membrane materials. PVC exhibits 
high stiffness and good solvent resistance, and is 
inexpensive. Chlorinated PVC is denser and exhibits greater 
thermal stability. Copolymer! zat ion with propylene yields a 
polymer that is resistant to most acids, alkalis, alcohols, 
and aliphatic hydrocarbons. 

Later in this section we discuss other classes of 
monomers that can be used in type 1 processes. 
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The variation of the process described above in 
which a polymer above its melt temperature - or at least at 
high enough temperature to allow sufficient mobility for a 
triply- periodic phase tQ form . s incorprated . nto a 

5 surfactant-based phase, and the polymer then solidified into 
a membrane matrix, could be used to form a triply-periodic 
membrane with other polymeric materials that are 
particularly well suited for certain membrane applications. 
Among these are: 

P ° lyethyleneS (as in Celgard membranes), and its 
copolymers such as with vinyl acetate or acrylic acid, or 
with propylene as in polyallomers; 

fluorinated polymers, such as 
polytetrafluoroethylene, polyvinylidine fluoride, 
polyfluoroethylene-propylene, polyperf luoroalkoxy , and 
polyethylene-chlorotrifluoroethylene. Membranes made from 
perfluorinated ionomeric polymers are now more important 
than all other ionomeric membranes combined; 

polyorganosiloxanes (silicones) ; 

cellulose and its derivatives, including cellulose 
nitrate, cellulose acetate and triacetate (in a binary 
surfactant/polymer cubic phase, since cellulose is extremely 
hydrophilic ) ; 

polyamides, which fall i nto three subclasses, 
fully aliphatic, aromatic, and fully aromatic, all three of 
which have examples that are used as membrane materials. 
Membranes made from polypiperazines exhibit long lifetimes 
and chlorine resistance; 
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other special polymers, such as polyparaphenylene 
sulfide which is melt-processable and can readily be made 
conducting [Baughman et al . 1983]. Such processes are now 
more feasible in light of new research [Charvolin 1985] on 
5 naturally-occuring surfactants with very good thermal 

stability. Alternatively, the polymers could be solidified 
inside the pore space of a tr i P ly-periodic (low porosity) 
membrane made of dissolvable material, avoiding the 
necessity to subject the surfactant to elevated 
10 temperatures. 

Class 2) processes: 

In this class of procedures, a triply-periodic 
Phase is prepared which incorporates a multiblock or graft 
copolymer, using a solvent or temperature elevation, or 
15 both, to enhance mobility, and one or more of the blocks 

form(s) the membrane matrix after elimination of one or more 
component(s) to form the pore space. In general this appears 
to be a more difficult process than type 1) processes 
because of the following reasons: 

a) expensive anionic polymerizations have been 
necessary thus far to produce copolymers sufficiently 
monodisperse to form triply-periodic phases; 

b) because of the inherently lower mobility of 
copolymers relative to small-molecule surfactants, more 
involved annealing procedures employing solvents and 
elevated temperatures are generally needed ; 

c) dissolving away one labyrinth of solidified 
polymer while leaving another labyrinth intact is generally 
difficult; and 
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d) porosities higher than 70% will be extremely 
difficult to obtain, and higher than even 40% will be 
difficult, with this process. 

On the other hand, in this method, as in some of the 
variations of type 1) processes discussed above, the 
polymerization reaction(s) can be carried out before the 
formation of the triply-periodic phase. The study of the 
morphologies of phase-segregated block copolymers is quite 
young and has not received a great deal of attention. 
Therefore very little is known about the occurance of 
bicontinuous cubic phases in block copolymers. Generally 
speaking, however, the situation is in many ways simpler 
than in surfactant systems where electrostatic interactions 
between surfactant head groups play a dominant role in 
determining microstructure . in diblock copolymers, on the 
other hand, the morphology is essentially determined by the 
immiscibility of the two covalently bonded blocks, so that 
two diblock copolymers, with the same volume ratio between 
the two blocks, should to first order be expected to exhibit 
the same morphology. To a large extent this has been borne 
out by the diblock and star-block copolymers whose phase 
behavior has been studied; at nearly 50:50 volume fraction 
ratios between the two blocks, lamellae generally are 
present; at high volume fraction ratios, approximately 80:20 
or higher, spheres are present; and in between one finds 
cylindrical morphologies or bicontinuous cubic morphologies, 
the latter generally restricted to a narrow range near 
30:70. This is also the situation predicted by 
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simple [Inoue et al . 1968] and more sophisticated theories 
[Leibler 1980; Ohta and Kawasaki 1986], except that these 
theories were developed before the discovery of bicontinuous 
block copolymer morphologies and so did not include these 
possibilities. Thus, the proof of the existence of 
bicontinuous cubic phases in star-block [Thomas et al . 1986] 
and in linear diblock [Hasegawa 1987] copolymers indicates 
that these phases will be found in a variety of copolymers 
as studies of morphology continue, now that the identity of 
the phase has been established. 

Further indication that bicontinuous cubic phases 
should be found in many block copolymers near 70:30 volume 
fraction ratio lies in the fact that the 'double diamond' 
bicontinuous cubic morphology has been found at both: i) 30% 
15 polystyrene outer blocks, 70% polyisoprene inner blocks in 
6-18 arm star-block copolymers; and ii) 30% polyisoprene 
outer blocks, 70% polystyrene inner blocks (i.e., 
interchange PS and PI); as well as in iii) 34% polystyrene, 
66% polydiene linear diblock copolymers. It is in fact the 
20 case that in the third example, the discoverer (Hashimoto) 
had many years ago taken SAXS and electron microscopy data 
on the phase and not understood the data, until hearing of 
the work by Thomas et al . Thus it is likely that 
triply-periodic morphologies occur in many block copolymers , 
25 although it appears that they are generally confined to 

narrow volume fraction ranges near 70:30. It also appears 
that the polydispersity of the copolymer cannot be too high: 
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the studies on bicontinuous cubic phases in „ , 

pnases m copolymers have v 
thus far used only hlgUy monodlsperse copolymers 

<Polydi spe rsity indices l ess than 1.05, p repared by anioni= * 
polarisation,, and it is auits possible that such 

well-ordered morphologies are the result of well-ordered 
materials • 

The preparation of block copolymer TPBMs with 
Pclystyrane/polyisoprene is described in CAlward et al.l 986 , 
and IThomas et al. 1986). T he choice of solvent and 
annealing temperature will of CO urse depend on the pollers 
used, but the general procedure will be similar. What was 
n« carried out, however, was the leaching out of one phase 
to create voidspace. Methods and materials will now be 
discussed for such a process. 

« one of the Mocks , call it block A, contains 
double bonds in the backbone, such as the rubbers 
Polyisoprene and polybutadi e„e , and the other blo=k(s, 
ao<es, not, then oncolysis can provide a means to leach 
"ock A. Policing treatment with cone to form osonides, 
the decomposition of the ozonides can be accomplished in a 
number of possible ways: 1, they can be ^ 
example using a reduced platinum oxide catalyst, 2, they can , 
be decomposed by steam distillation, using an alcohol 
solvent, in „ h ich case no reduct . on st£p ne=essary _ ^ a . 
modification of 2, is to carry Qut ^ ozmis ^ ^ 

alcohol such as methane!, 4, reducing agents such as zinc 
dust in acetic acid can be used. 
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If the block A is chosen to be radiation 
sensitive, with the other block(s) insensitive, then in view 
of the small thicknesses of membranes it should be feasible 
to destroy block A with radiation and leave a relatively 
intact polymer matrix. Many polymers suffer degradation on 
intense radiation, and in fact some are used in the 
electronics industry, for example, as negative photoresists 
due to this property. PMMA is radiation sensitive, for 
example, and PMMA/polyisoprene or polybutadiene copolymers 
should be capable of forming bicontinuous cubic phases, in 
analogy with polystyrene. 

As in nucleation-track membranes, a combination of 
ionizing radiation and chemical etching could be used that 
would be selective to one block. it is known that for every 
polymer (in fact every substance) there is a lower limit of 
heavy ion mass below which tracks are not produced. For 
example, tracks are produced in cellulose nitrate by 
hydrogen ions, while Mylar (polyethylene terepht halate ) 
requires ions at least as heavy as oxygen. A diblock 
copolymer selectively tracked in one component could then be 
immersed in acid or base to etch away pores. Olefin 
metathesis is another reaction that is used today to degrade 
polymers. Again what is required is the presence of double 
bonds in the polymer backbone, so that as in the discussion 
of ozonolysis the PS/ PI block copolymers would be 
archetypical candidates. In general such reactions require 
more critical conditions than ozonolysis, and also ozone 
being a very low MW gas means that penetration through the 
porespace would be more easily accomplished with ozone. 
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Attack of one block by „„„ ^ ^ ^ ^ 

acrds is of course possible. Fo r example, polyesters and 
polyethers can be cleaved under acidic conditions. 

Thermal decomposition, by choosing one block with 
= a lower ceiling temperature, is another possible means. 

which could circumvent the need for reactive chemicals. F or 

example, poly-a-methyl stvrene m a„.. 

i =uyrene undergoes an unzipping 

reaction above 50 degrees c. 

Biodegradable polymers are another possibility 
10 currently of interest because of their application in 

controlled drug-release. Homopolymers and copolymers of 
lactic acid and giyeolic acid are examples that have been 
examrned for use in the body, but many other biodegradable 
Polymers have been investigated for applications to the 
15 dispensing of herbicides and insecticides. 

in the last part of this section, possible methods 
are discussed for modifying neutral polymers to form 
ronogenic polymers, but of course another possible means to 
produce an ionomeric membrane is to use a type 2, process in 
which the blockls, that will determine the membrane matrix 
is .are, ionogenic. Zonomeric membrane polymers that could 
be ccpoly^erUed with a leachable polymer include random 
copolymers with etyleuically unsaturated monomers containing 
ionogenic groups. The first such example was a copoiymer of 
acrylic acid with ethylene incorporating i„ organic io „ s 
■surlyn,. other examples inolude ethylenicaliy unsaturated 
monomers containing sulfonate groups copolymer^ with 
acrylonitrile, and monomers containing guaternary ammonium 
or weakiy basic groups. xonomeric step reaction polymers 
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include polyurethanes with quaternary ammonium groups in the 
backbone, in which case these ionomers are also called 
ionene polymers. Among other ionomeric materials that could 
form blocks in a block copolymer are those modifications of 
neutral polymers discussed in the last part of this section 
Generally speaking, the chemistry of block copoly.erizations 
and linking reactions has seen considerable growth in recent 
years, and in the future the availability of block 
copolymers with desired block properties will increase. 

In order to understand and predict the occurrence 
of tri P ly- periodic bicontinuous morphologies in block 

copolymers, the applicant has developed a statistical 
mechanical theory that compares the free energies of the 
known morphologies in the strong-segregation limit. The 
theory combines the results of ohta and Kawasaki [1986] and 
<3e la Cruz and Sanchez [1986], and is an improvement over 
the approach of Ohta and Kawasaki in that the exact 
expression for the static structure factor of a star diblock 
copolymer (equation 28 in de la Cruz and Sanchez), which 
includes the linear diblocks treated by ohta and Kawasaki as 
a special case <n=l), is used in the computation rather ^ 
an approximation (as in equation 3.19 of Ohta and Kawasaki). 
Furthermore, and of prime interest here, the triply-periodic 
bicontinuous morphology named the 'ordered bicontinuous 
double-diamond' in Thomas et al . [1986] has been evaluated 
in the free energy comparison. The calculation will now be 
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described for the free energy competition between bcc 
spheres, hexagonal-packed cylinders, lamellae, and 
ordered-bicontinuous double -diamond, as a function of 
composition, arm number and molecular weight; the model used 
for the double-diamond morphology is one of the 

constant-mean-curvature-interface structures of the 'D' 
family discovered in the a PP li cant . s thesis . The 
approach was introduced by Leibler tl980] , and his 
predictions of phase behavior and scattering ^ ^ 

experiments [Mori et al . 1985]. 

Beginning with equation 3.14 in Ohta and 
Kawasaki, the bilinear term in the free energy was evaluated 

using Fourier transforms, where the inf„,- - ■ 

> "ere cne integration becomes a 

summation because the Fourier transform of a periodic 
function consists of delta-functions at reciprocal lattice 
vectors. The static structure factor that is equation <28, 
» *e la Cruz and Sanchez (which reduces to equation 3.15 of 
Ohta and Kawasahi whe „ n=1 , was used ^ ^ ^ ^ 

q tern, remains the same as that in 3.19 of 0hta and 

Kawasaki for any arm number „, while the function s(f) q£ 

3.19, which gives the con«5t-*ni- i„ *.u 

constant m the asymptotic behavior 

for large q, can be calculated to be: 

s ( f )=1- ( n -l ) ( 1-f )/ 2+ f ( i- f ) ( n _ 3 , /2 > 
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These two terms were subtracted off from the 
expression (28) since they are included in the short-range 
free energy contribution in the analysis of Ohta and 
Kawasaki. The long-range contribution is then evaluated by 
5 summing, over all reciprocal lattice vectors, the product of 
the resulting expression with the square of the form factor; 
(see Equation 1, FIG. 7) 
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the corresponding term in Ohta and Kawasaki- s formulation is 
the A (£) term in equation 3.20 that is multiplied by the 
square of the form factor. clearly it is a considerable 
improvement to use the exact expression (3.15 for linear 
diblocks, and (28) in de la Cruz and Sanchez for stars), 
rather than the approximation 3.19 which matches the exact 
expression only to an accuracy of 4% and has the wrong 
asymtotic behavior for large q; this can easily be 
accomplished since the integral becomes a summation in 
reciprocal space and the series converges rapidly. Note that 
this approach is equivalent to Ewald's method in the limit 
of large G . After the summation to yield the long-range free 
energy contribution, the surface area per unit volume yields 
the short-ranged contribution just as in Ohta and Kawasaki 
(using their approximation that the interfacial tension is 
the same for all morphologies), and the total energy is 
minimized over the lattice parameter. 

It remains to describe the calculation of the 
form factor for the double-diamond structure; the form 
factors of spheres, cylinders, and lamellae are all 
well-known. By using the divergence theorem, the voli 
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integration can be reduced to an integration over the 
surface [Hosemann and Bagchi 1962] : 
(see Equation 2, FIG. 7) 



The surface in the finite element solution is 
represented by triangular patches (much as in a geodesic 
dome), and because the normal direction is fixed over a 
given triangle in space, this integral can be done 
analytically over every patch. The surface integral in 
equation (2), evaluated over a triangle in which the x-y-z 
coordinates of the three vertices are given by Cxi, yl , zl ) , 
(x2, y2, z2), and (x3, y3 , z3 ) is exactly: 
(see Equation 3, FIG. 7) 



10 



15 



A fundamental patch of the surface was represented 
by 800 such triangular patches; a unit cell of surfaces can 
be broken down into 24 identical fundamental patches. The 
from factor calculated in this way is mathematically exact 
for the structure so represented. The applicant's thesis 
contains demonstrations of the accuracy of the finite 
element representation of these constant-mean-curvature 
20 surfaces . 

In the Appendices are reproduced the computer 
codes used for 1) the computation of the form factor from 
the surface (Appendix A); and 2) the summation in reciprocal 
space and final computation of the total free energy for the 
25 candidate structures (Appendix B) . The bcc spheres were 

omitted because they are favored only for small values of 
the volume fraction f (<.22), and the double-diamond occurs 
at values of f (or of 1-f) near f=0.3. 
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The results of the theory are now given for a 
volume fraction of f=.644 (the volume fraction for the 
surface with mean curvature equal to 1.6), as a function of 
arm number; this is the volume fraction of the inner or core 
blocks of the star. There is also a dependence on molecular 
weight (which is not predicted by ohta and Kawasaki because 
of their use of the approximated structure factor), and this 
is described by the parameter N which is the product of the 
square of the Kuhn step length with the number of Kuhn steps 
in a single arm, divided by 6 . in the experiments of Thomas 
et al. [1986], the unit cell was on the order of 30nm, and 
the statistical Kuhn length on the order of Inm, so that in 
dimensionless units this length is .033, and since the ■ 
polymer index was about 160, a good value for this parameter 
is 0.03. The free energies of the candidate morphologies, as 
a function of arm number, are as follows: 
arm 

number D-Diamond Lamellar Cylindrical 
1 1.107211 1.076124 1.074017 

20 2 1.060160 1.049548 1.048806 

3 1.042949 1.041448 1.041374 

4 1.037309 1.039309 1.039511 

5 1.037388 1.039869 1.040130 

6 1.040689 1.041883 1.042074 
These energies are in the same units as those in 

Ohta and Kawasaki. Thus it is seen that double-diamond is 
calculated to occur at higher arm numbers, as was observed 
in the experiments of Thomas et al . 
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The *ey to these results is that no assumptions 

were made about the SDecifi,- ~u 

rna specify chemistry of the copolymer, 

such as the interaction parameter, as ion, as this 
interaction parameter is large enough for the 
5 strong-segregation assumption to be valid. Thus the ordered 
bicontinuous double-diamond morphology is predicted to occur 
in a wide variety of bloc* copolymer systems. It should be 
emphasis again that the statistical mechanical treatment 
underlying this theory has been shown to agree well with 
10 experiments . 

conversion of neutral polymers to ionomers . 
The commercial importance of ionomeric polymer 
membranes has stimulate, research on methods of converting 
neutral polymers to ionomers, both before the formation of a 
membrane and as a post membrane-formation step. Methods of 
mcorporating ionomers into membranes with triply-periodic 
submicron porespaces have been described in this section and 



15 



include: 



a) conversion of a neutral pol ymer membrane 
20 produced by polymerization of a component of a 

small-molecule triply- periodic phflse ^ g 
1); 

b) formation of a triply-periodic phase 
incorporating an iono g enic polymer above its meiting point, 
followed by subsequent solidif ication of the polymer; 

O infiltration of a (low porosity) 
triply-periodic membrane with either an ionomer (above its 
-It temperature;, or a monomer that can be polymeria, and 

modified if necessary, to form „n < 
^ y, to form an ionogenic polymer; and 

d) formation of a triply- periodic morphology with 
a bloc, or grafr copolymer one component of which is 



lonomeric . 
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The two most important classes of ionomeric 
polymers in membranology are the styrene-type and 
perfluorinated ionomers, and the primary focus of this -part 
will be on these, although other classes of ionomers may be 
found to be compatible with the types of processes described 
herein. Reactions for grafting ionogenic polymers or 
oligorcers to neutral polymers will be briefly discussed; 
such reactions are the subjects of investigations in 
present-day polymer research and promise to open up new 
possibilities for the grafting of ionogenic pollers in a • 
post membrane formation process. m addition, such graft 
copolymers might be used as the basis for type 2) processes, 
for recent evidence [Hasegawa 1986] indicates that graft 
copolymers can form bicontinuous cubic phases. 

Styrene polymers, and copolymers with, for example 
divinyl benzene and/or ethyl vinyl benzene, are excellent 
starting materials for the formation of ionomers, because of 
the reactivity of the aromatic rings for chloromethylat ion , 
nitration, and particularly sulfonation. Such polymers can 
be converted to strong acids by sulfonation with sulfuric or 
chlorosulfonic acid, and this can be followed by conversion 
to the sodium form by addition of a slight excess of alkali. 
Weak-acid cation exchange polymers can be made by with 
acrylic or methacrylic acids, as mentioned above. These 
reactions can be performed after the formation of the 
membrane with the neutral polymer. 
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Strong-base anionic-exchange polymers can also be 
produced from styrene-based polymers or copolymers in a post 
membrane-formation step. Chloromethylation by methyl 
chloromethyl ether, followed by amination with a tertiary 
amine, yields strong-base polymers even in pure polystyrene. 
Amination of the same chloromethylation product with primary 
or secondary amines yields weak-base anion-exchange 
polymers. Redox membranes, which are oxidation and reduction 
agents lacking actual charged groups, can be produced by 
addition polymerization of styrene, di vinyl benzene, and 
esterified hydroquinone . 

Perfluorinated ionomers are presently the most 
important cation-exchange membrane polymers, primarily 
because of their strength and chemical stablility. As an 
example of the possibilities of production of these types of 
ionomers, consider starting with a copolymer of 
tetraf luoroethylene and perfluoro-3, 

6-dioxa-4-methyl-7-octene-sulfonyl fluoride. The sulfonate 
groups can be converted to the sulfonic acid form by nitric 
acid, after which oxidation in n-butyl alcohol followed by 
hydrolysis with sodium hydroxide yields a polymer suitable 
for use as an electrolysis membrane. Reaction with vaporous 
phosphorous pentachloride followed by treatment with 
triethylamine and immersion in a solution of water, dimethyl 
sulfoxide and potassium hydroxide, or by treatment with 
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aqueous „ a , also yiel , ^ 
electrolysis. Polyol surfactants can be subjected to 
-action, that induce an ionic character. The terminal 
hydroxyl groups can he converts to various functional 
<> croups (Lundsted and Schmolxa 1981, , such as to a halide and 
subsequently to a tertiary amine by reaotlon Kith . 
substituted amine. This ln turn can fae ronvertea ^ ^ 

ox.de. by reaction with hydroqen peroxide, or to a cationic 
quaternary surfactant by reaction with an alxylatinq 
10 Polyurethane can be obtained by reacting with diisocyanate 
Anronic. surfactants can be produced by addition of 
epichlorohydrin and sodium sulfite, or by reaction with an 
oxygen-containing acid or acid anhydride. And cationic 
surfactants can also be produced from bloc, copolyneric 
15 surfactants hy reaction with ethylene or propylenimine, or 
by methylation. 

A great deal of recent research has focused on 
conducting polymeric membranes. Eiectroactive polymer films 
have been produced by electropolymerization of aromatic 
20 heterocyclio compounds (Dia2 et a!. 1983J . „ ighly C onducti„g 
membrane polymers have been produced by iodine-doping 
(Schechtman and Kenney 1983), and by electrochemical 
reactions tHuq et al. 1983]; in f act , polyacetyiene can be 
reduced or oxidized to compositions that have the electronic 
25 properties of metals. 
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Grafting of neutral but potentially ionomeric 
materials onto neutral membrane poiymers, particularly as a 

post membrane-formation step is »„,fk 

step, is another proven source of 

lonomeric membranes. Polvacrvl „f. „„ 
5 „ "yaorylate ester can be grafted onto 

cellophane, and subsequently hydrolyzed to produce a 

wea* acid cationic-e.ch.nge membrane, similarly polystyrene 

has been grafted onto polyethlyene and sulfonated, to form a 

trong-acid cationic-exchange membrane. Po r post membrane 
formation grafting factions, the creation of free radicals 
on the pore surfaces to act as initiation sites for 
Polarisation of added monomers is attractive, in that 
monomers could diffuse easily to these sites. Pree radicals 

can be produced for graftina <;if oc u 

parting sites by peroxides or redox 

catalysts, or by exposure to electron* 

° eie ctrons, gamma rays or UV 

15 radiation. 
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Industrial Applicability 



As previously mentioned, the past 20 years has 
seen tremendous growth in the applications of polymeric 
membranes, not only in filtration - microf iltration (MF), 
ultrafiltration (UF), and hyperf iltration or reverse osmosis 
(RO) - but also in a variety of other areas such as fuel 
cells and batteries, controlled-release devices as for drug 
or herbicide metering, dialysis and electrodialysis , 
pervaporation, electrophoresis, membrane reactors, 
ion-selective electrodes, and as supports for liquid 
membranes, to name some important areas. Furthermore, 
modification of neutral polymer membranes can yield 
ionomeric or 'ion-exchange' membranes which are finding 
increasing application in many chemical, electrochemical, 
filtration and even biochemical processes. m many 
applications the availability of a membrane of the type 
described herein with precisely-controlled porespace and 
high porosity represents a significant technological 
advance. 
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Traditionally membranes have been associated with 
filtration processes for purification or concentration of 
fluids, or recovery of particles as in the recovery of 
colloidal paint particles from spent electrolytic paint 
particle suspensions, and the very important application of 
recovering of lactose-free protein from whey. The use of 
reverse osmosis and electrodialysis in removing trace 
pollutants from industrial waste streams is increasing each 
year, as the cost of these processes is often less than 
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other alternatives [S patz 1981] , because these processes are 
being applied for waste treatment agricultural § 
biochemical, eletrochemical , food, pharmaceutical, 
petrochemical, and pulp and paper industries, the 
5 development of this technology will have a significant 
impact on the environment. 

The earliest, and still the most frequently 
mentioned, use of RO (also known as hyperf iltration ) is in 
the desalination of salt water and brackish. Desalinated 
water obtained from RO of seawater could be an important 
solution to the fresh water shortages that are projected 
over the next few decades. The literature on desalination 
by RO is extensive. From the point of view of the present 
invention, the two characteristics that distinguish the ro 
15 membrane from UF and MF membranes - namely smaller pore 
size (less than 10 Angstrom) and lower porosity - would 
result from the polymerization of the surfactant of a binary 
surfactant/ water bicontinuous cubic phase. As discussed 
earlier, the very concept of bicontinuity first arose in 
20 experiments on binary surfactant/water cubic phases, and 

there are now many such binary cubic phases believed to be 
bicontinuous, most of which occur near 50% volume fraction 
water and with channel diameter less than 4nm. 
Alternatively, ro membranes of intermediate porosity, 
* roughly 70%, would result from chemical erosion of one 

component of a block copolymer cubic D h 3 , B nf i 

f jr«>ci cudic phase of low molecular 

weight. m his discussion of RO membranes, Resting [1985] 
lists narrow pore size distributions as the first criteria 
for an effective membrane. 
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Reverse osmosis is finrH™ 
year R n „ 9 a PP licat i°ns every 

for the t 30 ^ " inV6Stigated — * — 
-fur dloxlde , is ^^^^ ^ 

5 enzymes that would otherwise cause an 

* cause an oxidized taste. The 
concentration of tomato juice bv RO h k 

a . J 1CS by R0 has been applied on a 

semicommercial scale, and results in enh „ 

enhanced taste and 
color over conventional processes r i«.h ■ ■ 

pxocesses [Ishii et al . 19811 A 

recent study [Farnand et al l 98 n h 
10 alqn K ShOWn that R0 can 

also be used to separate inorganic salts fr 

y xc salts from nonaqueous 
solvents such as methanol; the latter , 

' cne la tter solvent is of 
particular importance in f-k 

as an meth3n01 " bei " 9 i»vest i9 ated 

as an alternative fuel. 

AS POinted °" » s P«z [1,81], there is in 
. -lit y fi „ e ta between R0 _ faranes up membra 

; r " her Si " * «» U P menbra „e is 9 e„ era l ly 

lar,et, so that the UF « toane aoes „ ot reject ^ 

molecule salts as does the Rn mo k 

oes the RO membrane. A typical UF 

membrane will reject over 99% of fh 

yy% ° f the organics over 200 
molecular weight and over 9R* * 

over 98% of monosaccharides such as 
dextrose and glucose <=i, « 

^ucose. Size fractionation is the basis of 

«y OF processes, and narrow P or e size distributions are 

7 CritiCal ' aS " —-on for the treatment of 
renal failure [Kai e t al 1981 i 

31 * 1981 ] ' the increased 
discrimination of hemofilfr a n 

ltratl ° n WIth UF membranes over that 
or. hemodialysis with resoerr r « 

respect to the rejection of solutes 
-Larger than uric ariH u 

bSen Pr °P° S ed as tne reason for 
the success of hemof iltration fnr k 

itration for hemoai al ys is -di f f icul t x es 

patients. 
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Ultrafiltration is of importance in the separation, 
of viruses, which by virtue of the ^ ^ ^ ^ ^ 

seller than bacteria generally pass through microf iltration > 

membranes, unless the latter are treated so as to be 

positively charged [Brock 19811 mu- , 

mrocK 1983]. This leads to failure when 

contaminants neutrally the charge, after which the 
retention or passage will depend only on the pore si2e 
Uaistric* 1982, . Tne virus kno „„ a£ huinan T . lyinphotropic 
-rue in tatLv . at , also caUed taMn immunodef . = . ency 
virus or HIV, is a sphere of diameter roughly 1,000 
Angstrom, new believed to be responsible for the disease 
AIDS as well as other neurological disorders and perhaps 
even the cancers. The potential importance of a membrane of 
the type disclosed herein is demonstrated by the fact that 
some hemophiliacs developed AIDS after receiving infusions 
of a plasma preparation called Factor VIII, wbich had been 

passed throuqh a filt- Pr 

gn a niter that was fine enough to remove 

bacteria but not virus particles [Gallo 1987). 

m dialysis, solute permeates through a membrane 
from a more concentrated to a less concentrated solution- 
thus it differs from UP in that in ^ ^ ^ 

«ux is coupled to the solvent flux. The dialysis of blood 
to remove urea and creatinine from uremia patients, known as ' 
hemodialysis, is believed to be presently the largest single ' 
application of membranes to separations. Dialysis is also 
-ed in the pharmaceutical industry to remove salts, in the 
rayon industry, and in the metallurgical industry to remove 
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spent acids. Since dialysis membranes are generally very 
finely porous — with molecular weight cutoffs of around 
1,000 — the present invention could be applied in these 
areas; in the case of hemodialysis, where human suffering is 
involved, advantages offered by a more precisely controlled 
membrane could well justify a higher cost, if the present 
invention were more expensive than the extruded cellulose 
hydrogels that are presently used. 

Another medical application for membranes is in 
controlled drug-delivery systems. The simplest description 
of these is that a drug is imbibed into the pores of a 
membrane, and released slowly so as to approximate a 
constant concentration over time in the body (zero-order 
release) , or a concentration that fluctuates in response to 
physiological conditions (first-order release). In some 
cases biodegradable polymers are used, such as lactic acid 
and glycolic acid homopolymers and copolymers. In the case 
of first-order systems for the release of insulin in the 
treatment of diabetes, a glucose-sensitive membrane is being 
investigated [Kost 1987] in which the enzyme glucose oxidase 
is immobilized in a poly-N,N dimethylamino-methyl 
methacrylate/poly-HEMA copolymer. So far the membrane has 
shown the ability to release ethylene glycol in response to 
glucose concentration, but porosity of greater than 50% is 
required to release insulin. Some other drugs which are 
being investigated for membrane release are nitroglycerine, 
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progesterone, and epinephrine, to name only a few exampies. 
The importance of high porosity and therefore hi 9 h 
oonoentration in the Mbt a„ e , a „ d o£ well-defined pores ^ 
lead to the nee of phase-inversion membranes prepared by the 
so-called thermal process; the diameters of the cells in 

these membranes are between l m 

Decween l and 10 microns, with 

porosities of roughly 75%. «embrane metering devices are 
potentially of great utility in the release of other 
effectors such as fragrances, insecticides, and herbicides. 

Polymer UF membranes provide supports for liquid ' 
membranes, in which the liguid is immobilized in the 
porespace of the solid mioroporous membrane by capillarity 
The immobilized lig„ id men , brane o£fers ^ advantages ^ 
solid membranes of higher dif f usivities , higher 
solubilities, and in many cases very high selectivity. 
Concentrated C sHC0 3 agueous solutions can be use to recover 
carbon dioxide from gaseous mixtures [Ward 1972J . Liquid 
membranes are also used to recover carbon dioxide from the 
products of carbon dioxide-based tertiary oil recovery 
methods, and to remove ammonia from wastewater. Immobilized 
liquid membranes have been proposed for the removal of toxic 
materials such as dichromate ions from electroplating 

rinsewaters [Smith et al lejmi 

ar. 1981]. UP membranes also provide 

possible supports for so-called dynamically-formed 
membranes. The homogeneity of such a membrane is highly 
dependent on the degree of order in the porespace of the 
support, carbon black has been used but due to the presence 
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<* -rge Pores, the hMogeneity Md perMeiectivi 

2 - two most im P ortan t physi=al =haracteristics 

- «- ae 3irable support Bmld be a 

order and a pore size less than l • 
* niicron, both of which a r„ 

* the present lnventlon . Dynamically . fo J 

membranes can be used to 

P " e S,na11 ™>lecules and ions 
and have been shown to be effect,, ■ 

water <Kr ««««rve « the desalination of 

water [Kraus et al . 1967). 

Chromatography is , separations process that • . 
10 great importance in analytic., k • ° f 
chroma chemxstry. ln gel -permeation 

chromatography (MC) , 3eparatio „ Qf 

ased on differences in passage times through a mobile 

a " lth Poly-ric particles. 

Separations on the basis of modular weight could be 
enhanced by a polymer with monodis P erse pores 

Proration is a membrane-based separations 
ocess ca P able of se P arati„g com P le x a.eotropic mixtures 
also circumvents the problem i„ R0 o£ hig „ 

Pressures that oppose flu, in attempts to 
20 „„, * attempts to concentrate a 

Olute to high purity. Proration has been shown to be 
c pab e of separating linear hydrocarbons fro, olefins, and 
rrom branched hydrocarbons .Binning et al. M61I . Th „ £ 

-erest in membranes with precisely controlled porespaces 
ar.sen in the petroleM ^ 

moments through the membrane is the rate-limiting step, 

«■» h lgh porosl ty and uniform p _ „. 
Perforation as well as in the recent modification of the 
Process known as membrane-aided distillation. 
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Electrophoresis i<s a ^ 

esis is a separations process for 

eTii;::r;;:;; t as proteins ^ is — - - *~ 

" fle "' Wheie ' ™ —*«. -t be usea to 
^strata r e fflixing via therfflal cMvection _ pine 

— r.« such as agarose or polya=rylamide 

;r; n the — — — x. lneohan r 

rv? he order ° f 1 *• - * - 

the eXectrophoretic effect anrt .< • 

a " d Sle «»9. EXectrophoresis is 

I 1 " 0 " 4 " tOCl - — e„a Moe„ ginearing 

«ea r ch,a n a lt u antlcipated ^ 

« e scaXe sedations ptocessea, a „a in thr ee a im e„ s Xon s . 

m the near future p^r<-=^i 

Certainly ln cases where sie 

:::r cant contribution to the * — - -« 
-piy-pe^oaxc suteicron Pores may be of importance _ 

applicant has ae-onstratea [Sndarson „,„ ^ ^ 

Passions of structures that occur in phases of ^ 
—tr y shouxa also lnclude =tructures 

interconnected sphere- > i t-^ ^ 

P*ere l lke domaxns, whicn Would fae ^ 

perfect geometry for an electmnK 

an electrophoresis membrane. The 

ITT" T° graph ° £ F1G - 2i and the — * in 

™. 4 .naeea inaicate aa interconnectea-sphere struct „ e , 
Also, the model that i e ^ ^ 

that is to date the b est mo del for the cubic 
Phase occuring in the star m l. * 
[1986] star-block copolymers of Thomas et ^ 

11986] is based on a sarf,no * 

6 ° f COnst ^ me an curvature from 
the author's thesis which is «h 

which is shown in the thesis to be very 
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accurately described by interconnected, nearly-spherical 
drains. At present, studies are underway to determine more 
precisely the exact shape of the drains. FIG . 5 shows the 
comparison between a (digitized, electron micrograph of a 
star-block copolymer cubic phase and the theoretical 
Prediction from the constant-mean-curvature-interface model. 

Selective membrane electrodes are 
chemically-specific probes in which a reference electrode is 
separated from the test solution by a selective membrane; 
the species to be detected diffuses through the membrane and 
reacts so as to produce an ion that is measured by an 
ion-selective electrode. A wide variety of membranes is 
used, including both neutral and ionomeric membranes, and 
enzymes immobilized in microporous membranes. Selective 
membrane electrodes are used to detect carbon dioxide in 
blood and fermentation vats, ammonia in soil and water, 
sulfur dioxide in stack gases, foods, and wines, sulfur in 
fuels, nitrite in foods, and hydrogen cyanide in plating 
baths and waste streams, for some examples. 
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Ionomeric membranes. 

Methods have been described herein for fabricating 
lonomeric, or ■ ion-exchange • membranes with the 
triply-periodio porespaoes that distinguish this invention 
in view of the fact that the surface area of the membrane 
analysed earlier is 3500 sg. meters/gram, such a membrane 
would be of potential impact in the general field of 
ion-exchange membranes and resins - i„ particular in 
applications where precise porespace characteristics are 
reguired, such as when ion-exchange or electromembrane 
processes are enhanced by or combined with sieving. As in 
the case of neutral membranes, the field of ion-exchange 
me„bra„es and resins is large and ever-expanding, so that 
only a brief overview o, the applications with respect to 
the present invention can be given here. 

Electrodialysis is the m ost important 
electromembrane process, used in the concentration or 
removal of electrolytes, metathesis reactions, and the 
separation of electrolysis prod ucts. Ion relacement is also 
-portent in, for example, citrus juice sweetening where 
crtrate ions are replaced by hydroxyl ions. Electrodialysis 
for ron-exohange of Na + to Ca + , K + , or Hg+ is being 
investigated as a source of low-sodium mil*. Because the 
resistance to solvent flow is important in prt)bl ems of 
anomolous osmosis and incongruent salt flux, a membrane with 
uniform pores would enhance the predictibi lity of the 
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process. Although there is debate about the exact origin 
anomolous osmosis [Schlogl 1955], there is some evidence 
that it is due at least in part to inhomogeneities in the 
porespace [Sollner 1932]. Also, electrical conductance is 
lower in heterogeneous membranes than in homogeneous 
polystyrene-based membranes, for example iKedem and Bar-On 
1986] . 

Ion-exchange membranes are used in batteries in 
part because their electrical conductances are higher than 
in the silver halides of conventional solid-electrolyte 
cells. They are also used in fuel cells such as the Bacon 
cell, in which hydrogen and oxygen are combined to form 
water with the release of heat and electricity. 
Efficiencies of these chemical reactions can approach 100%. 
Because of the high reactivity of hydrogen, the Bacon cell 
can be operated at relatively low temperatures, opening up 
the possibiliity of using an ion-exchange membrane as as 
solid-state electrolyte. The ideal electrolyte would be 
permeable to only one ionic species, and if this were to be 
accomplished or aided by membrane sieving, very uniform 
pores would be required. In view of this, and of the other 
advantages offered by membrane electrolytes over metal 
electrolytes such as small unit thickness, immunity to 
carbon dioxide impurities in the hydrogen feed, and the 
ability of the membrane to also serve as the gas separator, 
the present invention could prove to be the best possible 
electrolyte in such a cell. 
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Both neutral and ionomeric menbranes o£ the type 
described herein could be used in a variety o£ other 
reactions, for example by doping the nambrane ^ a 
catalyst or by controlling the reaction rate precisely by 
diffusion limitation. T he large specific surface, 3500 sq 
»./9-. and highly-controlled diffusion paths and reaction 

sites could allow for * 

now for a greater degree of control than has 

been possible with prior art membranes. 
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DIFFERENCES FROM THE PRIOR ART - 

STATEMENT OF SIX ADVANCES IN MEMBRANE TECHNOLOGY 
REPRESENTED BY THE PRESENT INVENTION - 

Because the source of the structure in the present 
invention is characterized by thermodynamic 
equilibrium, all cells (pore bodies), as well as 
all pore throats, are substantially identical in 
both size and shape, and the sizes and shapes are 
controlled by the selection of the composition and 
molecular weights of the components, over a size 
range which includes that from about 10 Angstroms 
to about 250 Angstroms pore diameter and in some 
cases beyond the micron range, and cell shapes 
which cover a range including that from 
substantially cylindrical to spherical, and cell 
diameter to pore diameter ratios which cover a 
range including that from 1 to 5 , and 
connectivities which cover a range including that 
from 3 to 8 pore throats emanating from each cell. 
The porespace comprises an isotropic, 
triply-periodic cellular structure. No prior art 
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microporous polymeric material anr i 

lal ' and no prior art 

microporous material n f 

31 0t any composition with pore 
dimensions larqer than -> „ 

ger than 2 nanometers, has exhibited 
this level of DertP^t-inn 

pertection and uniformity. 

In certain forms of the i n „ on ^ ' * 

w L ne mventinn *-v,~ 

on ' the "icroporous 

polymer creates exactly ... 

exactly two distinct, interwoven 

disconnected poi eipace labyrinths _ 
. continuous pol y nerlc dividing ^ ^ 

opening up tne possibility o£ pe rformi„ g 

— tic. catalytlc or photosynthetic reactions 

» -troUed. ultr a£i „ely „i„o P orous po ly„eric 
materials wi f-h 

tne prevention of recombination of 

rea " i0n —r division into the 

'-o Lbyrinths. an a „ ith specific ^ 

for reaction on the oraer or lo 3 -lo 4 = 

iu -10 square mi 
Per sram. anu with t „. possiblUty ^ g 

controlleble chiraMty a „ d porewall 

characteristics of the two labyrinths. 

^ " le "*«<*- exhibits in .„ oases a 

precisely controlled, reproducible >„„ 

t- o^ucioie and preselected 
«or P h ol o g y. because u lm £abri=ated by 

Polymerisation o £ . P eriodic n g uid crys tall ine 
*»« »M=h is a thermodynamic e q uilibrium state 
» =ontr a st to other .enbrane fabrication 
P-cesses such as th a t i„ Castro , t „. ^ _ 

nin^T" processes - <castr ° et ai de pate " 



"e meters 
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Proteins, in particular enzymes. can be 

i " COtP ° ratW b«,. y . r a „ a then 

tixated by th . poiynerisation. thus creating a 

Permanent reaction medium taking advantage ^ ^ 

precision of the present invention, and 
maintaining to t „. Mghest poss . bie ^ 

nature! environment o£ the protein. As shown by K 
barsson and G. Lindblom [j. cisp . Sci _ ^ _ 
»«. «!. 3. pp. 61 . 66) , , very hydrophobic wheat 
"action. gl iadi„, nan be dispersed in the 
biological Hpid (surfactant, monoolein. and a 

bicontinuous cubic D ha^ 

ic phase formed on the addition 0 f 

water. Examples of other proteins *nH 

^ oceins ana enzymes 

which can be incorporated .„«■„ 

o porated into bicontinuous cubic 

phases are reviewed in (B. Ericsson K r * 

csson ' K « Larson and 

K. Fontell, Biochim. Biophys . Acta. 1983. vol 

'29. pp. and severai exampies ^ 

^tailed below. The present invention presents a 
stabilized form of such phases. 

The components can be chosen so that the materia! 

biocompatible, allowing use in controlled- 
reiease drug-delivery and other medical and 
biological applications that can for nontoxicity 
Furthermore, in dialysis, immunoadsorpt ion 
processes, or other Mood applications, where 
traditional membranes such as Cuprophan induce 
oo„ pl e»ent activation and collagen membranes 
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polymerization of cubic phases can immobilize 
enzymes (such as protein A) and effect the 
^sorption of antibodies through a combination of 
adsorption and size-fractionation, without 
activating clotting and with less complement 
activation than even polyacrylonitrite membranes/ 

BRIEF EXAMPLES OF THE SIGNIFICANCE OF THE 
DIFFERENCES NOTED ABOVE. 



Clearly one important application of microporous 
-terials in which the effectiveness is critically 
dependent on the monodipersi ty of the pores is ^ 
sieving of proteins. In order that an 
ultrafiltration membrane have high selectivity for 
proteins on the basis of size, the pore dimensions 
*ust first of all be on the order of 
25-200 Angstroms, which is an order of magnitude 
smaller than the smallest pore dimensions of the 
microporous material described in the patent of 
Castro et al . m addition to this, as emphas lze d 
xn that document one important goal in the field 
or microporous materials is the attainment of the 
narrowest possible pore size distribution, 
enabling isolation of proteins of a very specific 
for example. Unless, as in the present 
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invention. the pores are aU exactiy ^ 
size and shape, then in any attest to separate 
molecules or particles on the basis of size, the 
effectiveness win be reduced when particles 
des.red in the riltrate are trapped by pores 
-aller than the design dimension or pores which 

are oddly-shaped, and when particles not desired 
in the filtrate pass through more voluminous 

pores. This is particularly important ln 

hemodialysis and microencapsulation of 

functionally specific cells. 

Certain studies of superfluid transitions require 
oicroporou. materials exhibiting long-range, 
triply-periodic order. In the Laboratory of Ato.ic 
and Solid State Physics at Cornell University, a 
group i ead Dy Dr . John D< Reppy ^ ^ 

investigating the critical, behavior of liquid 4 He 
in inicroporous media (preprint available). Certain 
theoretical treatments have predicted that the 
critical exponents characterizing the 
tluid-superfluid transition are different for 
disordered than for periodic porous media. The 
experiments described in the paper now being 
submitted for publication were performed using 
disordered media: Vycor , aerogel, and xerogel. The 
group is now proceeding on to a parallel set of 
eXPeUmentS USin 9 <-derea microporous medxum 
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of the present invention, supplied by the 
applicant. Thus an early practical use of the 
present invention is as a scientific standard _ 
one cubic phase structure has two enant iomorphous 
channels separated by a continuous surf actant-or * 
in some cases water-matrix. it is now Known that 
in some such cases, such as the system 
monoolein/cytochrome/water, these two channels do 
not have the same composition, most likely due to 
the fact that the cytochrome, which is chiral, 
locates in the water network with left-handed 
screw symmetry. Therefore, if this phase is made 
with a polymerizable surfactant, then the 
polymerization creates, remarkably, a chiral 
membrane filter, with all pores having the same 
chirality. Purifications involving chiral 
separations are notoriously difficult and, 
therefore, expensive, but such a filter could lead 
to tremendously simpler and more efficient chiral 
separations . 

As pointed out in the patent of Castro et al , the 
microporous material disclosed which is formed 
through a nonegui 1 ibr i urn process, is subject to 
variability and nonunif ormi ty , and thus 
limitations such as block thickness, for example, 

t0 thS f3Ct that thermodynamics is working to * 
push the system toward equilibrium. In the present 
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™ion, the ^restructure is deterfflined ^ 

therm ° dynamiC thus allowing uniform 

-ierpporou. raaterials ^ ^ ^ 

limitations to be produced As *n 

1 As an example, the 
cubic phase consistinq of a a 

"9 of 65% dodecyldimethyl amine 
oxide in water is stable over « , 

over a temperature range 

° f m ° re than 8 °°C so that addition of - 

" lon or monomer 

>nto the water (e.g., acrylamide) Qr ^ 
hydrocarbon component £ollowed by 

1-itl.tion produces milor . microporous 

<» "oitrary si2a and shapa . ^ ^ 

-o„„ that the D D A B/meth yl methacrylate/water 
cubic Phase disclosed in the origi „ al appli „ tion 

ls stable at least to <;r, ro , „ 

to 5jC , a nd furthermore at 

1«" 25 S monomeric acrylamide can be 
incorporated into the a q ueous phase, so that 
Polymerization of either the oleic component or 
the aqueous phase via a thermal l y initiated 
Polymerization produces uniform microporous 
-terials of attibrary 51M and shape. Mso. 

than 20C° to over 90C° . 

inherent in the present invents is a d.rect 

means to incorporate proteins with 

r uems with enzymatic or 

-alytic activity. f or u has b _ ^ ^ 
-»y Proteins and enzyBes , ln particular _ ^ 



WO 90/07575 



7# £ PCT/US89/05864 

readily entrapped in cubic phases, this being a 
thermodynamic equilibrium state, and the 
preparation of such a cubic phase with 
polymerizable surfactant, or with an aqueous-phase 
monomer, followed by polymerization would then „ 
fixate these proteins forming a stable, reusable 
reaction or detection medium. To name a single 
example in the growing field of immobilized 
enzymes for medical assays, the enzyme glucose 
oxidase can be used to detect concentrations of 
glucose in serum, and glucose oxidase can be 
entrapped in the monoolein/water cubic phase 
(C. Tilcock and D. Fisher, Biochim. Biophys . Acta, 
1982, vol. 685, pp. 340-346). It is known that the 
effectiveness, stability, and insensi ti vity of 
inhibitors of immobilized enzymes is in general 
optimized when the enzyme is in an environment 
which most closely resembles its natural 
environment, and fixation into a lipid bilayer 
represents a significant advance in this respect. 
Cubic phases can be used in control led-re lease 
drug delivery. Polymerized drug-bearing cubic 
phases provide for controlled-release applications 
with high stability. The combination of the 
biocompatibility and entrapping properties of many 
cubic phases with the increased stability upon 
polymerization leads to new delivery systems, and 
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even flrst - order drug _ ^ 

response to physiological conditions - by 

lnCOrPOratin9 -nd en 2 y mes , as described 

elsewhere, as biosensors. 

* very promising technique 

connection with controlled-releas. 

release applications. since we 

UP , :r;:r a poiymer " «. «» j 
«.«. -. P .., MimH . First of an _ 

-use thiston oduUte ^ reiease ^ ^ ^ 

°" d ' COnSid " "» *o r creatlng . 

nrst-order release material On. 

° ne Can Polymerize an outer 

^ ™„ glu _ oxid _ 

the act.on of g i ucose oxidase 

yiucose. Methods are th^n 

Kn ° Wn for "ing a P H change to cause r<?1 

9 cause Please of insulin. 

"; ,w ' one - ™* — things such as 

u v. ru .„. , to . by surroun<Jing ^ ^ 

«»» po ly „. rizing , the polwrized . bicontinuous _ 
-ic-,*... coatlng Kould _ troi 

"»» not. For exa „ ple , pancreatic _ ^ 

"""""" = nd Protected from the body . s 

c UOQ y s immune system 

- h " e — - — _ fr „ ly iBto th ::i s 
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The chemistry of thi-? 1=,^.- 

Y or this last example is discussed at more 

length elsewhere in this application. 

FURTHER BACKGROUND , DISCUS SI ON AND EXAMPLES 

This section discusses potential a PP li cations 

or the present invention in eats i vei 

in catalysis, immobilized enzymes, 
separation,. and other areas ^ ^ ^ ^ 

xn particular on appUcetions where tne teCnoiogiosl 
aavanoes listed above open up „ e „ possibilities whic „ 
clesriy are not possiMe w . th prior nicroporous 

the patent or Castro at «i > j. 

aK As dl ^""ea in the origi„ al 

Cl ° SUre ' ^ •"""'IP- "Presents a synergistic 

nomination o £ msny pravlously unattainable ^ 

«.roporou. polymeric m a teri a l 5 for nse in catalysis 
"eluding pcacisely oontroUed p _ ^ ^ 

coordination number ar d = w 

inner, a nd a biocompatible and highly 

versatile matrix materia!, together with high specific 
-race areas, big* porosities. and uniform and 
Pcrewall characteristics. In actuality, the ter „ 
■biocompatible, is . considerable un.erstafement . because in 
the realm of sol id mieroporous materials . polymerized 

" P ™ = environment that is closese to t „. 

naturai environment of the protein-rich Hp id bilayer Qf t „. 

l " 9 C#ll ' thl ' — I- site ora„y riad 0( 

Chemical reactions and transport _ ^ ^ 
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we 11 "^^tabl i shed t-haf 

neD that the optimal environment for the 

runctioning of proteins and enzymes in technological 
applications is that which most ^ 
protein environment in vivo. 



Furthermore, a remarkable and unique feature of 
certain forms of the present invention is the presence Qf 
two continuous, intertwined but disconnected aqueous 
networks in the case of a binary surfactant/water cubic 
PH.... or as in the cubic phases described by Scartazzinin 
and L ui si {1988) , hydrpphoMc ^ ^ 

-xcroporou. materials have been of one of two types; A) the 
porespace (except for isolated, inaccessible pores) is 
connected into one labyrinthine subspace, as in the materia! 
oescribed by Castro; or B) two distinct labyrinths are 
Present which are very different in porewall 
characteristics, for instance one polar and the other 
apolar. The latter type would result from the 
or the surfactant in a ternary cubic phase such as the DDAB 
cubic phase described in the present application; as 
mentioned above, the present applicant has synthesized a 
polymerizable analogue of DDAB, so that both of thes, 
classes or materials are attainable in the present 
invention. However, in addition, cubic phases offer 
unique opportunity to create a new, third type of 
microporous polymeric material, displaying exactly two 
aqueous laoyrinths, as present in many biological syste. 



the 



?ms 
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(there in unpolymerized form, of course) such as the 
th/laKoid membranes, the endoplasmic reticulum, and possibly 
also in the digestion of fats (Patton 1981). indeed, some of 
the potential applications of such a material are suggested 
oy biological processes in plant and animal cells: catalytic' 
reactions, particularly those involving proteins, creation , 
of membrane potentials as in photosynthesis), and 
separations of high specificity through the fixation of 
trans-bilayer proteins which facilitate the transport of 
certain molecules, to name some examples. other 
applications do not appear to have precedent in biological 
processes, such as the separation or enantiomers by the 
creation of a chiral filter. 



•Catalytic reactions which have been performed in micelles: 

In one embodiment of the present invention, some 
or all of the surfactant is polymerized and is thus present 
along the porewalls, making it ver y straightforward to take 
advantage of the known catlytic properties of surfactant 
aggregates. Clearly this is not the case with other 
microporous materials such as those described in the patent 
of Castro et al., nor with the other . prior materials . 

In fact because of thes. 
catalytic properties, the present invention would be very 
valuable even if its sole novel feature were a 

surfactant- lined nnrpwaii a i = 

porewall. Also in such applications the 

extremely high specific surface ar Pfl n* 

c iaLe area oi the present 
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well as the precisely controlled morphology 
are important and va i uable , u . mi ... Por ^ 

-h.cn the present technology calls for the solubilization or 
-talysts or coenzymes ln Cellar phases, it is li k e,y that 
the same catalysts could also be stabilized in cubic 
phases, in stable or metastable states. 

Micelles are extremely dynamic structures, and in 
»« the average residence time of . no lecule in , 
rs on the order of 0.1 microseconds. Thus in -any 
applications the chemical a „d structural fixation of the 
cubic phase by polymerization would be a significant 
improvement. This is particularly true for case in which the 
present technology involves continuous nonagueous solvents . 
and thus inverted micelles, because it is a „ell- knou „ 
principle that inverted belles are .ore easiiy disrupted 
by the addition of solubilizates than normal micelles. !„ 
-any applications of surfactant aggregates catalysis, the 
erfect of the surfactant is largely due to the electrostatic 
rreld present at the head group region. However, in other 
cases the c ata iytic action of micelles is crucially 
uependent on penetr a tion of the substrate into the 
hyurocarbon core of the micelle < or the aqueous core of the 
-verted micelle). In such oases a polymerisation of the 
surfactant could interfere with or actually ruin the 
catalytic potential of the cubic phase. This is not 
neeessari ly the case, though, because even bul* polyae[s are 
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peneWable to many substances, ! eciallv _ 

- especially when swollen, this 

bei " 9 the baSis th. use of man y pollers in 

uUrafiitration membranes, D1 course FurtherBorei ^ 

°r penetration of a substance through a polymerized 

M ° Wer " bUay " — * be much faster than that- 

through a bulk poly mer. Moreover. ^ bicontinuous ^ - 

ot the cuMc phases o f the present invention offers aocess ' 
to both hyropnobic and hydrophiUc regions, in contrast „ lt „ 

closed micellar aqqreoatoq in - • 

ggregates m which the surfactant layer 

must be crossed in ot-^^- i. 

o sed m order to access the component in the 

interior of the micelle. 

Another difference between tne cubic phase and 'the 
" 1MUar Pha " 15 th * — -mature of the microscopic 
-terrace, g eneral ly much smaUer in magnitude in the cubic 
P*ase, and it is k „o„ that the rates and efficiencies of 
catalysis in surfactant microstructures is aependent on this 
curvature. Por era.p le , the lameilar phase Uero mean 
curvature interface, has a greater effect on the h y dro Iy sis 
o. Procaine than the miceUar phase. Contrary, oxidation 

or benzalclehyde in thf> »iv»i v, ■ 

m the alicyl betaine/benzaldehyde/water 

system is reduced most- i n i , 

ea most in lamellar phases over micellar. 

The use of micelles in catalysis have been 
-viewed in a boo, by Fe ndler. There are some spectacular 
examples, such as a rate enhancement of five milUon-fold * 
«or the aquation of { Cr (C^ ) 3 , 3- . thrQugh ^ ^ ^ 
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octy lammoni urn tetradecanoate micelles. Certain hydrolysis 
reactions show rate enhancement or more than 20,000 with the 
surfactant phosphotidylethanolamine , relatives of which are 
know to form bicontinuous cubic phases. Inverted swollen 
micelles made with Aerosol OT (sodium ethylhexyl 
sulf osuccinate) , octane, and water increase the rate of 
imidazole-catalyzed hydrolysis of p-nitrophenyl acetate, and 
in the phase diagram of Aerosol OT/isooctane/water there is 
a cubic phase region of rather large extent, and this cubic 
phase is known to be bicontinuous (Fontell 1976). 



In general, the use of surfactant inicrostr uctures 
in catalysis is an extremely promising area, and substrate 
specificity is frequently very high. We have just scratched 
the surface of the potential for phase transfer catalysis. 
The material of Castro et al . is not suited for such 
applications, whereas the present invention may represent an 
important breakthrough in many such applications, 
particularly where the precise size and shape (and in some 
cases, chirality) of the pores would enhance the process by 
rejecting unwanted or non-participating species, or by 
optimizing the registry between the substrate and catalyst 
through the pore geometry. 

*Photocatalytic reactions : 
i Water-in-oil mi cr oemu Is i ons have been demonstrated 

to have the ability to provide a reaction medium for coupled 
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redox reaction, which minic t „. photosensi ti 2ed 

electron-transfer processes in ^ to ^ s , B . „ it „ th# 

S " faCta " in " r£a « •"«=»-« th. separation o£ the redox 
species and thus preventing th. theraodynaaica ! ly ravored 
bacx-reactions (WiUner , otvos , ^ ^ ^ ^ 

reaction, the photosensi t i zer tris 

l2.2-M Py ridine)-rutheniu„ (u, (Ru(bipy)3 2+) was 
aissdved in the agueous cores of dodecyXaaaoniua 
propionate/toluene/water inverted Scenes. along with the 
electron donor ethyle„ediaai„e- H , K .» ■ , H . -tetraacetate 
(EDTA) ; the primary acceptor benzylnicotinaaide, being 
-PhiphUic. seated it sel £ at the surf ,ctant- lad en 
— race, hut upon oxidation related in the continuous" 
organic phase because or charge removal. Once in the 
organic phase the reduced benzylnicoti„ am i de was converted 
by an azo dye, 4-diaethy laaino-azobenzene , to th. 
surface-active tor. again, upon reducing the azo dye to a 
colorless hyorazo compound. The reduction of the dye was 
established s P eotrosoo P ical ly . Following illUBinatio „ ^ 
light, after four ainutes 80 per cent of the dye had been 
"uuced. in a siailar aanner . . photoinduoed oxidation was 
accoapUshea. thus determining two eoapleaentary half-cells 
or a aodel P hotosynthetic reaction. The eventual goal of 
such ceils is the evolution of hyoro g e„ and oxygen as fuels, 
anu in this respect, it is significant that the oxidati, 
water by R u<bipy )3 2+ in the prese „„ o£ ^ ^ 

been acooaplished (Le -„n. Sauvage , and ziessel 1979). as we,, 



ion of 
3es has 
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as coupling to hydrogen evolution ( Kalyanasundaram and 
Gratzel 1979). 



The ternary polymer i zable surfactant/oil/water 
cubic phases of the present invention could offer important 
advantages over the inverse micellar solution utilized in 
the experiments of Willner e t al . Microemulsions are in 
general very sensitive to changes in temperature and 
composition, and in any case are rearranging on the scale or 
microseconds. In particular, inverted micelles have a very 
short lifetime and are often poorly-defined in contrast to 
textbook figures which show highly-organized spherical 
entities. Also, in larger-scale applications where the a'im 
is to establish a continuous flow of reactants and products, 
and avoid saturation of concentration gradients, clearly the 
bicontinuous nature of the present invention is 
advantageous. And when sensitizers which are closer to (or 
identical with) those occuring naturally are used, then the 
lower-curvature surfactant interface of the present 
invention will provide an environment which is more stable 
and closer to the natural in vivo environment of the 
sensi tizer . 

Bicontinuous microemulsions also have continuous 
oleic ana aqueous labyrinths and low inter facial curvatures, 
but as in micellar solutions the structure is undergoing 
constant thermal rearrangement on microsecond timescales. 
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FU " h — «*« of a eicroenulsioo u very 1o „ 

°™ rS ° £ mi9nitUdS — «•» c £ the cubic phases 

Therefore. it is not surptising that a m t " 

P o ly „eri 2 e . bicontinuous Bi „_ ulsion £auea ^ 

""""""^ *» to a £ und aMntal chan g e in 3tructure 
<»rin g the pol y „er iza tion (candiu> 2ekhnini _ ^ ^^^^ 
»88). This appears to be inevitabie since ^ 
9ener aily take s hours, whereas the tlme scaJe ^ 
rearra„ g e»ent of . bicontinuQus nicroeBuulsion ^ Qn 
order or nanoseconds. As discussed ^ greater 

l91Dal diSCl — - — '-X- P- ing and hi g her 
VllC °; ity ° £ ^ *»" — «»«- or the structure 

" V " POl *~ rt -»- ** -Portance or po^eriJn, 
e cuhrc phase ln the appUcaclons dis=ussed ^ ' 

clear by tha raot that _ t bi=ontinuous cubic occur 
-sen other liquid orystaUine phases ^^^^^ 

i,e11 " 1 ~ ne» g on a i phases) , Bo 

tnat the y cannot tolerate composit . onai ^^^^ ^ 

unpolymerized stat<=> sv„- 

state. For example, the cubic phases 

discovered bv Scart = ,.^' 

y Scart a „ lni a „ d Luisi ex . st oniy at ^ ^ 

SPeCi£iC COntent ' * O rga „ ic 3 0l v ent . Thus . 

" r " iin "» ^ - - P-e„ce of water 

or aqueous soiution (such a s blood), the cubic oh 

e cudic phase must be 

polymerized. 



As pointed out byWillner , taU< theirmo(Jei 

^teo i S o£ . £undamentally di£ferent t ^ 
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photcf nthetic system oi the thylakQid 

than a surfactant monolayer as in tne invartad mioeIlar 
solution, the lipid in the thylakoid menfcrane ^ ^ ^ ^ 
°r a bilayer. separating two aqueous compartments . with tne 
stroma side of tne biiayer acting as a cathode and the 
intrathylafcoid side acti„ g is an anoda . Tien ^ 
that the chlorophyn dispersed in the Upid bilayer acts as 
a semiconductor, in that the absorption of light excites an 
electron to the conduction band and leaves a hole in the 
valence band. There are at least two reasons why the 
separation or the aqueous phase into two distinct 
compartments is important in natural photosynthesis: first, 
as well as providing an appropriate environment for the 
Pigments, the bilayer acta as a barrier to prevent 
ba=K-reactions : and second, with the two systems of 
accessory pigments located in distinct parts of the 
membrane, each electron/ho,e pair can be generated by two 
Photons, thus providing an upgrading of the photon energy, 
in the process of the electron-transfer reactions during 
Photosynthesis, a membrane potential or about 160mV is 
created across the bilayer. as well as a pH gradient of 
about-l pH unit, and the energy of the flow of protons 
created by this electrochemical proton gradient is used by 
the transrcemorane protein complex ATP synthetase to 
synthesize ATP from ADP and P.. In the language or Tien, 
the sem.conducting bilayer separates t „ Q nighly _ eonduct . ng 
aqueous solutions, creat ing ■ elect rica ! fields of more than 
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100,000 volts per cm Wit-* ^ 

^ these f - ts - mind, it is clear 

^^"^ ° f °" e *>" - present invention , Qf 

« vicing Space into two a.ueous labyrinths, U not an 
esoteric nor . trivial fntur , bufc ^ ^ 

feature of potentially areat i m «^«. 

ty great importance. Permanenting the 

oi layer-based cubic nhas P «-« c< 

ic phase to fix the structure would 

generally be important for industrial _ 

scaie processes 

utilizing this property, both to create a soli* „ • 

eace a solid medium and 

cubic phese in general very 

S '° Siti,e " Cha "- S '» an d CMposltion . Also 

« -Leu..* belou transport protelns wMch wouid £acijita ^ 

Processes can be fixatea into the b r 

polarization o£ the bUayer ^ ^ 

o« Protons a„ d ele=lrons> iQr ^ ^ ^ ^ 

»«>«, !ar g er. ^Xecuies wiU be o£t - ectea> and ^ ^ 

tavorable in some process P . *™ 

processes ana untavorable in others. 

Besiaes photosynthesis, photocata ly t ic rsactions 
-vowing semiconductors have nan y other potential 

appUcations. Phcto-Koihe reactions nsi„ g semiconductors 
cou ld be applied to the treatMnt ^ 

-thane a„ d other alkanes „ fu>1 . ^ ^ 

-ample, tne puri£ication o£ uaste ^ 

-i=onuuc t or-photocatal y .e d (soiar, oration o £ „" an d 

s ° 3 - is a spontaneous process. I , B r and n 

2 2 c i i c a n be 

~ over irrauiateo platini2ed . u>p . n . lon . „ ^ * 

10 2 (Reichinan and B-i 0 rk iprh „ 

Dork 1981). Hyarogen and oxygen can be * 
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W qi W 

rormeu photochemi cal ly on a Ti0 2 -Ru0 2 catalyst using 310 nm 
light (Kawai and Sakato 1980). 

* I mmob i 1 i zed enzymes 

There are many potential uses of enzymes 
immobilized in porous materials. Immobilized enzymes offer 
many advantages over enzymes in solution, including 
dramatically increased stability in many cases as well as 
higher activity and specificity, broad temperature and pH 
ranges, reusability, and fewer interferences from activators 
and inhibitors. Many of these advantages can be traced to 
the fact that enzymes in vivo are usually not in solution, 
but instead function in environments for which they are 
specirically adapted, this very often being in or near a 
lipid bilayer. In the original disclosure, it was discussed 
that the present invention is of potential importance in 
immobilized enzyme and related applications, such as 
selective membrane electrodes or 'biosensors 1 (page 59), 
controlled-release applications (page 54), and 
extracorporeal circuits (page 52). An enzyme immobilized in 
a polymerized cubic phase of the present invention is in a 
precisely controlled environment, chemically, geometrically, 
and electrostatically. As emphasized above, the chemical 
environment or the enzyme has a crucial effect on the 
enzyme's activity and stability, and a polymerized bilayer 
is very close to the natural environment in which the enzyme 
runctions in vivo. The precise geometrical environment 
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proviaea by the present invention can be utilized to bias 

the registry between the enzyme and the substrate toward the 

optimal orientation and proximity, in addition to providing 

additional control of the chemical environment through 

selection on the basis of size. And the electrostatic 5 

environment would be very homogeneous due to the strong 

tendency for charged or zwitterionic surfactant head groups 

to maintain an optimum separation, this electrostatic 

environment again being closest to that of the enzyme in 

vivo, and it is known that the specificity of many enzymes 

is sensitive to changes in net charge and nearest-neighbor 

effects (Guiibault 1984). And on the practical side, 

another advantage of the present invention in the 

immobilization of enzymes for biosensors and other 

applications is the versatility due to the macroscopic 

Physical properties of the cubic phase, namely that it is a 

viscous liquid crystal and therefore can easily be applied 

as a cream at the site of application (on the tip of a pH 

meter probe, for example), and then polymerized. 

Studies by Kare Larsson and coworkers at Lunds 
Universitet have shown that cubic phases, using 
biocompatible surfactants, can incorporate a wide variety of 
proteins ana enzymes. As mentioned above, there is a large 
cuoic phase region in the phase diagram at room temperature 
or monoolein/water/lysozyme, extending to over 30 per cent , 
lysozyme. The' same lipid with water can also form 
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equilWrium cubic phases incorporating glucose oxidase, 
a-lactalDumin, soybean trypsin inhibitor, myoglobin, pepsin, 
bovine serum albumin, conalbumin, and dig lycerides . It is 
known that many biological lipids form bicontinuous cubic 
phases, including monoelaidin, monol inolein , monopaln.it in , 
monostearin, monoarachidin , palmitoyllysophosphotidyl 
choline (PLPC), N-Methylated 

dioleoylphosphotidylethanolamine (N-methy lated DOPE), 
phosphotidyl choline (PC), egg lysophosphotidyl choline (egg 
LPC), monoglucosyldiglyceride (MGluDG), 
diglucosyldiglyceride (DGDG ) , egg lecithin, glycerol 
monooleate, dioleoyl monoglucosyldiglyceride (DOMDG), mono- 
galactosyldiacylglycerol (MGalDG), phosphotidic acid with" 
chlorpromazine, lauroyl phosphotidylcholine (LaPC), or 
replace lauroyl with myristoyl, palmitoyl, stearoyl, oleoyl, 
or linoleoyl, and polar lipid extracts of Pseudomonas 
fluorescens and of Sulfolobus sol f atar icus . Recent work has 
also shown ( Shyamsunder , Gruner , Tate, Turner, and So 1988) 
that dioleoylphosphotidyl choline, which does not form 
equilibrium cubic phases, nevertheless forms metastable 
cubic phases upon temperature cycling, by repeatedly raising 
and lowering the temperature above and below the 
lamellar/inverted hexagonal phase transition and in 
biological membrane processes, and suggest that other 
biological membrane-forming lipids might also exhibit 
metastable cubic phases. Concerning polymerization, a 
recent review or po lymeri zable liposomes includes a listing 
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° f 10 lipids (not counting variation. ■ 

variations in chain lenqtho 

" hlCh •»« "ee„ polarised , Bto llo , ' 

into liposomes Regen 198ft, 
wll as 28 other polymeria 35 

potymerizable surfactants. 

Beside polymerizable surfactants, 
-obiUze en 2y ,es within feh . presgnt . ^ »" n " ^ 

ne present invention i s t o 
^rporate the. into a hydrophobic or hydrophUic 
Polymerxzable component. Work in „ 

has snown that ln W"canf . laboratory 

snown that over 20 per cent of «-v 

phase of the c £ / / 

the c l 2 V wat " =yste» can be reolac.d h 
»cry lM i de (AM) a „ d do , "Placed by monceric 

^ ^ ^ »"d 

results indicate that i->,~ 

6 SamS Can be do "e with the DDAB / 
aoaecane/water cubic phase Pn1 

pnase. Polyacry lamide ge i s haw „ K 
^own to have the abi U ty t£> entraD 

such entr, n - enzymes, and £ or „ 

e t appec MS , K there _ y ^ ^ 

three .onthe or stores (Hi c*s and u P a^ 1966) . 

Of course it is possible . 

as in Present invention, 

other mlC roporous Mterials _ ^ - 

-re traditiona! processes such „ b * 
bondinq as Sorption or covalent 

Processes suf£er £ro „ ..^ 'nese 

easiw j _ ^ Absorbed enzymes 

easily desorb upon changes in D H f„ 

9 P H ' temperature, ionic 

I a : ; et ;: s — iy — — — y M 

U -e harsh ^ ^ ™ " — es 

harsh chemical conditions to which 
qBnprall whlch tn e enzymes are 

generally exposed durina fh a k , ■ 

uuring the bonding proce^c 

y process, conditions 
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whicPoften i ea d to seri _ ly 9 c ^ activuies _ ^ 
Significant losses ot expensive enzymes _ Recenny a 

process has been foun(J covalently linklno 

^ uriKing enzymes to 
col !.,«,. in such . way as to avoJd ^ ^ 

harsh chemica! condition. (Coulet and Gautherm 1981) 
"owevar, collagen is a powerfu, platelet antagonist 
activati„ 9 fibren and leading tQ ^ 

this makes it totally unsuitable in , mli „ t( 

in applications involving 
contact with blood p,,«k„ ^ 

lood. Furthermore, neurologies, complications 
can result when collagen is used with 
agents, such as Cisplatin (Qulnn , Frair , g . ff< 
Roberts, Kavanagh, and Clark 1988). 

I" view of these facts, the present invention 
could have important research and clinical applications in 
—noabsorption processes, which have been tried in cases 
- systemic lupus erythematosus, rheumatoid arthritis 
<=uiUain-Barre syndrome, pemphigoid, and myasthenia g ravis 
and represent the method of choice in congenital and 
acquired hemophilU with inhibitor, and Goodpasture's 
syndrome < Freiburghaus . Larsson. Sundgvist. N11 sson 
Tbysell, and Mndholm 1986). Such processes are also being 
■nvestigated for use in the treatment of cancer (Wallmark. 
=rubb, Freiburghaus, Fiodgren, Husberg. Lindholm , ThyseU 
ans Sjogren 1 , d4 , , where u has ^ ^ ^ 

growth can be inhi'nit- Q ,i >> 

inhioitea by immunoabsorpt ion . m a prevalent 

immunoabsorption process D i», m » • 

P ocess, plasma is passed through a column 



WO 90/07575 r ., 

^ G PCT/US89/05864 

loa<# with beads ° £ Aid, s taphylococcal 

Pro^n A «s pA , has heen covalently ^ ^ ^ ^ 

" ° Ver 90 P " ~" °< ««• — n immunogiohulin IgG an 
-unosu.ressive f . etcr . ^ _ t o£ ^ ^ ^ ^ 

dStCrrent " US use, i„ Sweden, for 

™-Pl.. where much o£ the research on hemofntration u 

-ducted. SUC h . treac _ t ^ ^ ^ - 

The present invention could conceivab]y ba ^ ^ ^ 
this cost. because as stated above( cov8iMt bondi 

ensymes invokes s ig „ ificant los6es , Khereas ^ ^ 
Polymerisation of surroundi„ g Upid does 

° heni " 1 Cha " 9 " """^ " «» ™- rurthermore, tbe 
P-elo S PA „or„all y £unctiQns in a bnayer environ _ t _ ^ 

other .e MS of enhanci ng or raplacing ^ ^ ^ 
Process are made possible by ^ ^ ^ 

by -o» iog the lMunoglobulin yia £ractionation _ ^ 

enhancing the IgG-removal process b» . 

process By a combination of 
sieving and adsorption l„r 

ption. IgG has a molecular weight of 

153,000, which lies well within n, 

en within the range of molecular sizes 

WhiCh " P-sent invention, whereas in 

case of the materia. described by CastrQ , fc ^ ^ 

smallest pore size alluded to is 0 ^ 

LO 13 u -05 microns = 500 
Angstroms diameter, which ic an , 

whxch xs an order of magnitude too large 
to allow IgG to be &t>nar**- 

separatee rrom the blood components 

havxng molecular weights lower tnan that of IgQ> 



'Other blood appli ca ti 



ons 
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Immunoadsorption processes are examples of 
extracorporeal circuit processes, which also include 
hemodialysis, membrane plasmapheresis, cardiopulmonary 
oypass, filtration leukopheresis , and hemoperf usion . A 
significant complication with these treatments is the 
activation of complement, causing side effects that are 
well-known in the field of clinical hemodialysis; fever, 
sweating, respiratory distress, chest pain, nausea, 
vomiting, hypotension, and hypoxemia. The complement C5a 
can lead to pulmonary leuko-embol i zat ion which can 
eventually trigger respiratory distress syndrome ( RDS ) 
(Jacob 1980). other complications are inter leuk in- 1 
production, liberation of blood granulocyte proteases, and 
the generation of free oxygen radicals. Furthermore, 
patxents undergoing hemodialysis for more than 5-10 years 
can develop dialysis-induced amyloidosis, in which deposits 
or amyloid (the primary constituent of which is C2- 
2-microglohulin) are present in the joints, synovium, 
capsula, subchondral bone and verteoral disks, for example; 
in ract the amyloidosis may be systemic (Bardin, Zingroff, 
Kuntz, and Drueke 1986), for small vascular deposits have 
been demonstrated in rectal mucosa of dialy Sls patients, as 
well as in the heart, liver and lungs. 

It is now well-established that the 
characteristics of the dialysis membrane - in particular the 
selectivity, thickness ana adsorption characteristics - are 
critical in determining the extent of these comp 1 i ca t i ons . 
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The pi uniformity and biocompatlfi 1 ity of the present 
invention could reduce or circumvent these complications. 
As mentioned above, the present invention opens up the 
Possibility of developing a hemodialysis or hemof i Itrat i on 
technique which would utilize the monodispersity and 
resulting selectivity on the basis of molecular weight. The 
membranes used to date in hemodialysis have had wide pore- 
size distributions. The primary therapeutic effect of 
hemodialysis appears to be the removal of urea and 
creatinine, which have molecular weights of 60.1 and 131.1 
respectively, and thus should be able to pass through a 
microporous membrane with pores small enough to reject 
typical proteins. Thus, a ppli cation of the present 
could very well eliminate complications associated with 
transfer of larger molecules such as complements, 
antibodies, and other proteins. In general it is clear that 
the availability of a precisely-controlled membrane with a 
high degree of biocompat ibi 1 i ty could be invaluable in the 
research and development of hemodialysis treatments aimed at 
more control over the exact blood constituents whose 
concentrations are affected. The immediate goal of such 
studies would be the reduction of side efects which cause 
surrering and illness in patients undergoing dialysis 
treatment; the long-range potential benefits could include 
improved ana more affordable treatments for uremia, 
hemophilia, rheumatoio arthritis, and pehaps even cancer. 
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W In addition, it is knoW (Van der Steen 1986) that 
polymethylmethacrylate, the polymer comprising the membrane 
which is served as one of the main examples in the 
applicant's disclosure, is significantly more biocompatible 
than the Cuprophan membranes that are currently the most 
widely used in hemodialysis. The in-vitro complement 
activation after 240 minutes of hemodialysis was 
approximately 10 micrograms /ml (C3b,c)) using a PMMA 
membrane, considerably lower than the 75 micrograms/ml 
measured using a polyacry loni tr i le membrane. It is well- 
established that membrane-induced leukopenia is complement 
mediated. As discussed above the level of biocompatibil i ty 
that can be achieved in the present invention is very high, 
and furthermore since it has been demonstrated that membrane 
thickness should be kept to a minimum in order to minimize 
complement activation (Van der Steen 19B6), the high degree 
of uniformity of the present invention could be important in 
allowing reductions in thickness without reductions in 
efficiency or selectivity. 

Microencapsulation of cells such as pancreatic 
islets followed by implantation in the body is an attractive 
alternative to organ transplants, which is now the fastest 
growing area in diabetes research. The islets are protected 
from the body's immune system by encapsulation using a 
semipermeable membrane which allows the free diffusion of 
insulin and glucose into and out of the islets, but isolates 
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also^n suggested for use in otWr disorders requiring 
cell transplants, such as diseases of the liver, pituitary, 
and parathyroid. 

*Separations using transport proteins 

Another exciting potential application of the 
fixation of proteins into cubic phases is in separations of 
high specificity, using transbilayer proteins which allow 
passage of only certain molecules, often against 
considerable concentration gradients. For example, the 
linear polypeptide antibiotic Gramicidin A allows small 
monovalent cations to cross a lipid bilayer, by forming " 
channels (Chappell and Crorts 1965). The fact that many 
biological functions rely on such proteins in controlling 
molecular transport points to some important potential 
medical applications for the present invention. The 
viability of taming such transport processes in vitro has 
been demonstrated recently in experiments in which synthetic 
bilayers were loaded with proteins isolated from cells, and 
functioning transport systems thus reconstructed. Included 
in this study were so-called band III proteins, which appear 
to play a fundamental role in the exchange of oxygen for 
carbon dioxide. Apparently the band III protein creates a 
transbilayer channel of just the right charge and size to 
pass CI- and HC03-. In the cell bilayer, ma ny proteins have 
fairly hl gh lateral diffusion rates; measurements of the 
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lateraT diffusion coefficient in the bilayer of rhodopsin, 
for example, indicate values of roughly 5xlO~ 13 m 2 /sec. 
Based on such figures it might seem that polymerization of 
the lipid, which will reduce the lateral diffusion rate by 
at least an order of magnitude, would interfere with the 
activity of the protein. However, many membrane proteins 
are actually restricted in their lateral mobility, at their 
active sites. Thus, rhodopsin has been incorporated into 
polymerized liposomes of 1.2-bis ( octadeca-2, 4-dienoyl ) -sn- 
glycero-3-phosphocholine plus dioleoylphosphotidyl choline 
(DOPC), and shown to have retained its photochemical and 
enzymatic activity (Tyminski, Latimer, and O'Brien 1985). 
The protein F^-ATPase from Rhodospir i 1 lum rubrum has been 
polymerized into synthetic vesicles, and interestingly its 
activity actually increased upon polymerization (Wagner, 
Dose, Koch, and Ringsdorf 1981). Of course, this is not to 
say that all proteins retain their functionality upon 
fixation of the bilayer. 

A wide variety of ions and small molecules are 
transferred across bilayers through transport proteins which 
open and close in response to specific ligand-binding , 
( ligand-gated channels) and others in response to changes in 
membrane potential (voltage-gated channels). These offer 
additional mechanisms by which the molecular transport could 
be regulated in the context of the present invention. 
Interestingly, the protein-free phopholipid bilayer is 
highly permeable to water but impermeable to ions (the 
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permlWility coefficient of Na + Moss a lipid bilayer is on 
the order of lcT 12 cm/sec, for example). This could have 
implications as far as applications of the present invention 
in the desalination of water, for example. 



*As a scientific standard 



The geometric precision and perfect lattice 
ordering of the present invention leads to important 
potential applications as a scientific standard, and, in 
ract, as mentioned above, there are now experiments under 
way in which the invention is being used as such. Certain 
areas of science and technology call for experiments in 
which there is need for precisely-controlled 
microenvironments on the length scale of the pores of this 
invention, and a few such areas are now discussed to 
illustrate the potential importance of this invention. Also 
discussed are the shortcomings, in many cases, of the 
material disclosed by Castro et al . and prior art 
microporous materials in such applications. 

In the study of critical phenomena, it' is known 
that fluctuations which have important effects on critical 
behavior can be induced by confining the system (fluid, 
fluid mixture, magnetic material, etc.) in a disordered 
porous material. There is a need in many cases to eliminate 
this source of fluctuations, and confine the system instead 
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ous medium which has no d 




rder over a length scale 



greater than the correlation length of the system. In the 
superfluid helium experiments of Dr. John Reppy and 
coworkers at Cornell for example , the desire is to work 
close enough to the critical point that this correlation 
length is on the order of nearly a micron. The study of 



superfluids and superconducting fluids, and the phase 
transitions they exhibit, are an extremely active topic at 
present, and there is clearly tremendous potential in these 
systems. Another system of enormous potential technological 
benefit in which critical behavior appears to play a crucial 
role is in the use of microemulsions for tertiary petroleum 
recovery; it has been suggested that ultralow interfacial 
tensions (on the order of millidynes per cm.) between 
certain microemulsions and both oil and water are the result 
of near-critical behavior (Pouchelon, Chatenay, Langevin, 
Meunier 1982 ) . 



known that the adsorption characteristics and phase 
transition temperatures are affected by porous materials. 
For example, there is an effect known as capillary 
condensation, in which the effect of pores is to cause thin 
films of condensate to develop on the pore walls. 
Obviously, in studies of such phenomena it is advantageous 
to eliminate pore size and shape as a variable. Recently it 
has been demonstrated theoretically, and in experiments on 
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In the study of fluids and fluid mixtures, it is 
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the heat of adsorption in zeolites, that the adsorption 
characteristics as well as the ability of porous media to 
crack hydrocarbons in zeolites of different structures were 
in remarkable agreement with the theory, which predicts a 
linear dependence of the heat on the average Gaussian 
curvature of the porous medium (Thomasson, Lidin and 
Andersson 1987 Angew, chem. 10:1056). Experimental data on 
heats or adsorption of hydrocarbons in zeolites of different 
structures were in remarkable agreement with the theory, 
which predicts a linear dependence of the heat on the 
average Gaussian curvature over the surface of the zeolite 
porespace. This is then used to interpret the effectiveness 
of the zeolites in the cracking of petroleum. In the 
present invention, as in zeolites, the average Gaussian 
curvature can be precisely set by the pore size and 
geometry, and is of course uniform from unit cell to unit 
cell. The advantages, in many cases, of the present 
invention over zeolites have been discussed in the original 
application . 



*Choosing pore morphology and size: 

As a note concerning pore shape, the applicant has 
demonstrated that transmission electron microscopy can be 
valuable in determining pore morphology in polymerized cubic 
phases. There are other experimental techniques which are 
useful in this respect; in particular, in recent years there 
have been many Scanning Electron Microscopy micrographs 
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publilWd, particularly of so-calS • lipidic particles", 
which are most likely cubic phases in actuality (Rilfors, 
Eriksson, Arvidson, and Lindblom 1986). These SEM photos are 
obtained by fast-freezing the sample and then replicating 
the surface, although there have been serious criticisms of 
this technique as introducing artefacts. In addition, 
Luzzati and coworkers (Luzatti et al . 1988) have recently 
developed a new technique of x-ray analysis which yields 
good-resolution electron density maps. The present 
application has shown (Anderson 1986) how to compute 
candidate structures with interfacial surfaces of constant 
mean curvature, and predict the scattering intensities, for 
comparison with experiment, and shown that the method works 
well when applied to the DDAB cubic phase. These 
constant-mean-curvature structures were demonstrated, in the 
case of cubic phases in block copolymers, to be necessary 
for the correcting of this morphology based on both TEM data 
ana thermodynamic calculations (original application; also 
Anderson and Thomas, Macromolecules , in press). 

In these determinations of pore shape and size, it 
is of prime importance that we are dealing here with an 
equilibrium morphology, and furthermore, a periodic 
morphology. In the nonequilibrium process of Castro et al., 
there is no hope that the pore shape could be determined to 
the same degree of accuracy. In fact, as stated on line 18 
of page 17 of the Castro et al. patent, the manner in which 
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Waring Bostock and McDonald 1983). Both theory (D. M. 

Anderson and E . L. Thomas, Macromolecu les . in press) and 

experiment (Alward 1986) indicate that the lattice parameter 

scales as the 2/3 power of the molecular weight, so that for 

example scaling the C„ E surfactant- >r^ r p • ,„ 

y 70 17 surractant to C 2so 68 yield a" 

cubic phase with a lattice parameter of approximately 0.125 
micron. Indeed, lattic parameters well over 0.1 micron have' 
been observed in block copolymers of polystyrene and 
polybutadiene (Hasegawa, Tanaka, Yamasaki and Hashimoto 
1987) . 

In addition, another means to produce cubic phases 
with very large lattice parameters - although in the 
metastable state - is to use very dilute surfactant 
concentrations. Lecithin is a component of certain cell 
bi layers (eggs and soybeans are common sources), and since 
the lattice parameters observed in prolamellar bodies and ER 
membranes are on the order of 0.1 micron or more, it is not 
surprising that these large lattice parameters can be 
created in vitro as well. 

Another equilibrium microstructure which is very 
closely related to the cubic phase and often reaches 
characteristic length scales larger than 0.1 micron is the 
so-called «L3 phase" or "anomolous phase" (the French use 
the nomenclature "L2* phase"). Work by the present author 
and coworkers (D. M. Anderson, H. Wennerstrom, and U. 
Olsson, J. Phys. IChem., submitted* has shown that the phase- 
behavior, scattering, and NMR data on L3 phases can be 
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expla^Kfd by invoking microstructWe for the L3 phase which 
is essentially a disordered (or "melted") bicontinuous cubic 
phase. At low water contents, which are often attained in 
these L3 phases, the length scale of the microstructure can 
be greater than 0.1 micron even with short-chained 
surfactants. It is understandable that at such high 
dilutions, where the interactions between surfactant films 
become less important and therefore less of a stabilizing 
influence, that the structure should become more disordered, 
while still maintaining the basic topological 
characteristics of the ordered cubic phases. Thus in the 
c 16 E 4 / water system, for example, at approximately 40 percent 
surfactant and 70°C, the above-mentioned bicontinuous cubic 
phase appears, and is joined by a small two-phase region to 
an L3 phase region which extends to lower water contents. In 
related systems such as C 12 E 5 /water and C 1Q E 4 /water, this L3 
phase region extends to a few percent surfactant, and at 
these low concentrations length scales on the order of 
0.1-0.3 micron are indicated both by a bluish visual 
appearance, and by rapid relaxation rates in NMR experiments 
(Nilsson and Lindman 1984). 

Specifically, our proposed microstructure for the 
L3 phase is locally a bilayer, which is highly-connected and 
topologically complicated as in the bicontinuous cubic 
phases but unlike the cubic phase is undergoing constant 
thermal disruption and thus does not posses long-range 
order. We then describe the bilayer by a base surface S, 
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which is the mid-surface of the bilayer (the location of the 
ends of the hydrocarbon tails of the surfactant molecules), 
and the polar/apolar interface then consists of two parallel 
surfaces displaced a constant distance L on either side of 
S. where the length L is the bilayer half -thickness . By ' 
deriving the Euler-Lagrange equation for the curvature 
energy as a functional of the base surface S, it can be 
• shown that S must tend toward a mining surface (zero mean 
curvature) in order to minimize the curvature energy, 
registered at the polar/apolar interface. In binary 
bicontinuous cubic phases, it is now well-established that 
the base surface S is indeed a minimal surface, such as the 
so-called "Schwarz Diamond minimal surface" (Schwarz 1890)" 
or one of its relatives. 

A key observation is that when the relation 
between the volume fraction of surfactant and the mean 
curvature at the polar/apolar interface is written, the 
properties of the minimal surface enter in a particular 
dimensionless number which is found to be nearly the same 
numerical value for all of the well-characterized minimal 
surfaces. This dimensionless number is the ratio of the 
thira power of the surface area of a unit-edged unit cell to 
the Euler characteristic, multiplied by -2/pi . For all of 
the cubic-symmetry minimal surfaces with Euler 
characteristics less than 16 in magnitude for which the 
surface area is Known, this dimensionless number is within 8* 
Percent of 2.2. Using the value 2.2, and assuming that the 
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L3 phase can only occur when the mean curvature calculated 
from the resulting formula is equal to the "preferred" or 
"spontaneous" mean curvature dictated by the intermolecu lar 
forces between surfactant molecules, yields accurate 
predictions for the positions of the L3 phase regions over a 
range of surfactant/water systems. Thus, by virtue of the 
apparent universality of this dimensi on less number, many of 
the properties of the L3 phase can be estimated without a 
more detailed knowledge of the exact microstructure . It can 
then be shown that the length scale, or "pseudo- lat t i ce 
parameter", of the microstructure varies inversely with the 
surfactant volume fraction (this pseudo- la t t ice parameter is 
aerined as the edge-length of a cube which, on the average, 
enclosed a surfactant film with Euler characteristic of 
approximately -4). In the present context this is a key 
result, in that very large pseudo-lattice parameters can be 
found at very low surfactant concentrations, and our 
analysis indicates that even with short-chained surfactants 
such as C 1Q E 4 , characteristic lengths on the order of 0.2 
microns can easily be attained. 

The theory also has the power to predict the 
location of cubic and L3 phase regions in phase diagrams 
based on molecular parameters of the surfactant. Using 
equation (47) of a paper by Cantor (R. Cantor, 
Macromolecules 1981 vol. 14, p. 1186), the degree of water 
penetration into the head group region of the surfactant 
bilayer can be estimated from a knowledge of the 
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Flory-Huggins interaction parameter between the polar moiety 
ana water. P or ethylene oxide head groups # ^ 

interaction parameter is known from experiments by 
Kjellander and Florin (1981). Values for the number of water 
molecules per ethylene oxide (BO) group penetrating into the* 
EO region of the surfactant film computed with the Cantor 
rormula, using this interaction parameter, agree well with 
values estimated from NMR experiments. The theory of Cantor 
also predicts the dependence of the spontaneous (or 
"preferred" ) mean curvature on temperature, which can be 
linearized to a very good approximation. These equations are 
then combined with the equation described above linking the 
volume fraction in the bilayer (including the water 
penetration), p hi Q , „ it h the mean curvature H at the 
Pdar/apolar interface, namely P hi B 2 =-2.2HL (the minus sign 
is the convention for curvature toward water), to solve for 
the curve in the surf actant /water phase diagram along which 
the spontaneous mean curvature of the interface is exactly 
satisfiea by a cubic phase geometry, or approximately 
satisfiea for a disordereu L3 phase geometry. The calculated 
curves agree well with experimentally observed L3 phase 
regions in ethoxylated alcohol surfactant systems. The 
theory also gives the correct shape of the L3 shape regions 
in phosphoryl surfactant and glycerol surfactant systems, 
although the lack of data on the interaction parameters for 
these polar groups precludes the possibility of a 
quantitative fit. And the theory provides a very good fit of 
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the ^hase region in a ternary ^stem , C^/tetradecane/ 



water . 



This theory is thus a significant extension of the 
results of earlier work by the present author (D. M . 
Anaerson, S. Gruner, and S. Leibler, Proc . Nat. Acad. Sci . , 
in press), in which the variances in mean curvature and 
bi layer width were computed for model cubic phase 
structures, showing conditions under which the cubic phase 
should be expected to most closely satisfy the curvature 
tendencies of the interface. Together they provide a means 
to predict, to some extent, temperatures and compositions at 
which cubic phases or L3 phases would be likely to exist. 
The theory of Gates et al . (Gates, Roux , Andelman, Milner 
ana Safran 1988) represents another attempt to interpret the 
location of L3 phases, but it suffers from two serious 
flaws : 

1. the entropic contributions to the free energy for 
the L3 and lamellar phases, which are central in 
the theory, are computed by entirely different 
means in the two cases, and thus the comparison is 
not very meaningful; and 

2. it is assumed in that paper that the spontaneous 
mean curvature of the interface is zero, whereas 
the present author has shown (D. M. Anderson, H. 
T. Davis, and L. E. Scriven, J. Chem. Phys . , 
submitted) that in fact the mean curvature of the 
interface in their model is toward the solvent 
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(e.g., water). On the contrary, in our theory, 
simple mathematical arguments show that a 
bicontinuous structure is a simple consequence of 
spontaneous mean curvature toward water in a 
bilayer structure and it is demonstrated that the 
locations of L3 phases in surfactant/water phase 
diagrams strongly indicate spontaneous curvature 
toward water. 

It indeed it is true that L3 phases are 
bicontinuous, then they provide another means to produce 
microporous materials in the manner of the present 
invention, and a polymerized L3 phase would possess many of 
the favorable and novel features of a polymerized cubic 
phase with the exception of triple-periodicity. A primary 
technical complication in the actual production of such a 
material would be the fact that as in microemuls ions , the 
structure is thermally roiled and undergoing continual 
rearrangement on microsecond timescales, so that the 
structure could easily rearrange significantly during the 
polymerization process; recall that, as noted above, a 
recent attempt to polymerize a bicontinuous ' microemulsion 
resulted in a loss of bicontinuity (Candau, Zekhnini and 
Durandi 1988). 



♦Affinity based separation: 

In the study of proteins, the potential import 
of the present invention is clear from all that has been 
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saxd here and m the original application. Precise control 

of the environment of the protein to be studied, chemical 
steric, and electrostatic, uniformly over the entire sample 
cannot be overestimated. One more word can be said, 
however, and that concerns an important laboratory technique 
- which also has potential technological and clinical 
applications - that is known as affinity-based separation. 
In this process, the target biomolecule to be separated from 
solution attaches to a ligand with specificity toward the 
target molecule. The ligand+target is then separated from 
the other proteins in the solution by ultrafiltration, and 
the target and ligand are then dissociated and 
ultrafiltration is used again to separate these. Presently 
the use of this technique is limited by the fact that a 
ligand must be chosen which is much larger than the target 
molecule: the rule of thumb presently is that the ligand 
should be at least 10 times larger than the target, due to 
the polydispersity of present ultrafiltration membranes. 
Clearly the present invention has the potential to 
drastically reduce this requirement and to permit simpler, 
more efficient, and more available separations for 
biomolecu les , for subsequent study in the lab, or 
application in industry or medicine. 



*Creating Asymmetry: 
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For many of these potential applications, it will 
be necessary to create an asymmetry between the two 
labyrinths - chemical, electrical, or geometrical - in order 
to etfect a separation between reactants , reaction products, 
catalysts, or filtrates. At present, the precise mechanic 
is not known by which this asymmetry is created in living 
cells. Nevertheless, the very nature of the bioprocesses , 
such as photosynthesis, which rely on this asymmetry prove 
that chemical asymmetry is indeed created, and in the case 
of the thylakoid membrane and the prolamellar body there 
electron microscopy data which demonstrate geometrical 
asymmetry. For example, measurements made from micrographs 
of prolamellar bodies - which are known to have cubic 
symmetry - indicate that the surface areas of the two head 
group surfaces differ by approximately 30% ( Israelachvi 1 i 
and Wolfe 1980). It is possible tQ mimic ^ mechanism fcQ 
create the desired asymmetry within the context of the 
present invention, namely through the use of polymer i zable 
surfactants. There are already several possible means by 
which asymmetry between the two labyrinths can be created: 
1- As mentioned above, in the most common cubic phase 
microstructure, of Ia3d space group, the two labyrinths are 
of opposite chirality, and it has recently been shown that a 
chiral protein, cytochrome, locates solely in one labyrinth 
and not in the other (Luzzati, Mariana, and Delacroix 1987). 
This asymmetry should change the space group of the 
structure and indeed a change in space group was observed. 
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This Wmonstrates the feasibility of creating asymmetry 
through chirality effects. Furthermore, it could in fact 
lead directly to microporous polymeric material with the 
ability to separate enantiomers, because the polymerization 
of the surfactant in such a structure would le ave only one 
labyrinth, exhibiting a chiral porespace. Presently, the 
separation of enantiomers is generally a very expensive and 
inefficient process in the chemical industry and in 
research, and the availability of such a filter is a major 
advance made easier by the present invention. The material 
disclosed in Castro is not suited for such applications. 

2- Recently, epitaxial relationships have been demonstrated 
between bicontxnuous cubic phases and hexagonal lamellar 
Phases (Klason 1984; Rancon and Charvolin 1988; Charvolin, 
personal communication). m the binary system, in 

which monodomain cubic phases can be grown with very little 
effort, it has been shown in two research groups that upon 
lowering the temperature from the cubic phase region to the 
hexagonal phase region, the hexagonal phase micro- 
crystallites grow in a precise epitaxial relationship to the 
cubic phase. Specifically, the cubic phase is of the Ia3d 
type discussed in the previous paragraph, and the cylinders 
of the hexagonal phase grow along the directions given by 
the "tunnels' of the cubic phase. If such a system is 
polymerized, this creates accesses to the two labyrinths of 
the cubic phase through two distinct systems of hexagonal 
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phaseWylinders distinguished by "ir orientations. This 
would be in close analogy with the microstructure in the 
endoplasmic reticulum, in which the smooth ER is a finely 
porous network, observed in some electron micrographs to 
possess cubic symmetry (Alberts, Bray, Lewis, Raff, Roberts, * 
and Watson 1983), that connects to the rough ER of much 
coarser structure and simpler topology. Examples of 
epitaxial relationships between cubic phases and other 
liquid crystalline phases have been observed in electron 
micrographs of bicontinuous cubic phases which are 
apparently involved in digestion, and this has lead to a 
variety of speculations about the role of cubic phases in 
digestion (Luzzati 1987). 

3. Even though the mechanism leading to asymmetry in vivo 
is not yet understood, it can be reproduced, by substituting 
Polymerizable phospholipids into extracts from biological 
cubic phase systems. The feasibility of such a scheme is 
demonstrated by experiments in which liposomes produced from 
Phosphotidyl choline have been fused to broken thylakoid 
membranes (Tien 1981). In addition, lipids extracted from 
prolamellar bodies have been shown to aggregate into 
branched tubular structures similar to the (asymmetric) in 
vivo bicontinuous cubic phases of the prolamellar body 
(Kesselmeier and Budzikiewicz 1979). This scheme could open 
up some extremely exciting possibilities in capturing the 
basic processes of the cell for study or for the synthesis 
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of bioTogical compounds, or the harnessing of 
photosynthesis, for example. 

Other methods are available for obtaining large 
cubic phase domains and/or domains of a desired orientation 
It is well-known that electric or magnetic fields can be 
used to orient liquid crystals. For example, the 
C 12 E 6 /water cubic phase was observed to orient in the 
magnetic field of an NMR spectrometer in experiments of 
Klason (1984); upon lowering of the temperature into the 
hexagonal phase region, the hexagonal phase micro- 
crystallites were all in one of four tetrahedrally-related 
orientations, bearing a precise relation with the applied 
magnetic field. This latter observation points to another, 
possible means, namely that cubic phases of large, oriented 
domains could be obtained by cooling or heating an oriented 
lamellar or hexagonal phase - and it is well-known that the 
latter phases are rather easily aligned by shear and by the 
effect of walls. In addition, temperature cycling is also 
an effective method for increasing crystallite size in cubic 
phases (Hansson, personal communication). This could be 
related to the observation ( Shyamsunder , Gruner , Tate, 
Turner and So 1988) that cubic phases in 

dioleoylphosphotidylethanolamine (DOPE) can be induced by 
temperature cycling. 

In a reaction involving charged species, the 
reaction products, confined to the two separate labyrinths, 
could be routed in opposite directions through the use of an 
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imposed electric or magnetic field. A related possibility 
would be to take advantage of the opposite chiralities of 
the two labyrinths in the Ia3d cubic phase by imposing a 
rotational electric or magnetic field which would induce 
opposite net flows in the left- and right-handed screw 
networks . 

*Microdevices and Molecular Electronics. 

As mentioned on page 4 of the original 

application, the triple-periodicitv c-f 

fi.tr penoQicity or the present invention 

combined with the small length scale attainable - 
considerably less than 0.1 micron - brings up potential 
applications in metal and semiconductor microstructures , and 
indeed the frontiers of microf abr ication are now moving into 
the range of molecular dimensions where this microporous 
aevice provides the only triply-periodic microenvironment 
available, except for zeolites which are limited to 2 
nanometers or less. At these length scales, quantum effects 
become pronounced and in such a medium with extremely high 
surface-to-volume ratios properties are often dominated by 
the surface condition. According to M.J. Kelly (1986): "The 
Physics of fabricated microstructures represents the current 
frontier of condensed matter physics... Once two or more of 
the length dimensions of a structure are 0.1 micron or 
smaller, the mode of operation of any device becomes 
qualitatively different from that of the larger devices in 
current use... The ability to tailor three-dimensional 
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nanomlWe scale structures in a wW range of materials may 
lead to synthetic solids with more desirable device 
properties than those provided by nature...". 

The potential importance of surfactant 
microstructures in quantum-based devices has been shown in 
experiments on polymerized Langmuir-Blodgett films (Larkins, 
Thompson, Ortiz, Burkhart and Lando 1983). These workers 
demonstrated superconductivity and Josephson effects at 4 . 2K 
in polymerized LB films or vinyl stearate and diacetylene. 
As discussea by Roberts (1985), this indicates potential 
applications in the control of the critical current, 
switching speed and energy gap parameters in low temperature 
devices. Roberts also discusses possible applications of 
magnetically ordered polymerized LB films as switches in 
superconducting junctions. 

Molecular electronics is predicted by some to be 
emerging within the next few decades, and surfactant 
microstructures have been discussed as providing potential 
memory and switching devices because they involve a great 
deal of self-assembly, ana also because electro-optical and 
photochromic effects are higher in organic than in inorganic 
materials. For example, polymer i zable conjugated diacetylene 
surfactants become intensely colored upon polymerization 
(for example, by UV light), and electronic memories based on 
such photochromic effects have been speculated (Wilson 
1983). Also, primary pyroelectr icity has been reported in LB 
films (Blinov, Mikhnev, Sokolova and Yudin 1983), and this 
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has lead to speculations concerning possible incorporation 
of IR-sensitive surfactant fil ms into ele ctronic devices for 
imaging or sensor applications. The non-centrosymmetricity 
of X and Z type LB fi lms can give rise tQ optoeIectrical 
effects, and in this respect it is of potential importance 
that the cubic phase incorporating cytochrome c, discussed 
above, possesses a non-centrosymmetric space group. One 
should also note that cytochrome c is a colored protein 
which acts as an electron carrier in the electron-'transport 
chain of the cell. 

While such applications are highly speculative at 
this point in time, they have lead to a great deal of 
research recently on LB f ilms , monomeric and polymerizedf at 
low temperatures, with metal ions or enzymes incorporated, 
in non-centrosymmetric configurations and between 
semiconductors and metal electrodes, for some examples. For 
some of these potential applications, the polymerized cubic 
phase of the present invention could be important in 
providing a periodic, three-dimensional microstructure with 
a very high surface area and a single continuous surfactant 
rilm, together with enhanced quantum effects due to 
confinement in nanometer-sized pore bodies. 
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X - P ross -linked cubic phases, We have produced 
cross-linked polymerized cubic phases, which we intend to 
characterize by scanning electron microscopy, after drying 
by supercritical drying. SEM offers several advantages to 
TEM in this respect: first, since microtoming will not be 
necessary, there will be less disturbance to the sample 
during preparation for the microscopy; and second, this will 
give direct information concerning the structure of the 
material at the macroscopic surface, which is all-important 
in oetermining flow properties. The particular cubic phase 
^ have prepared for this experiment is a DDAB / styrene + 
cross-linker / water cubic phase, which has very good 
physical integrity and which should not undergo a 
glass-rubber transition during the supercritical drying (as 
woula PMMA, for example). The mechanical integrity of the 
final material was very good; it is at the bottom of a vial, 
and ethanol can be used to fill the vial and the vial can be 
shaken without apparent disturbance of the material. 

2 ' Sieving P articles : Two membranes can be 
prepared by the polymerization of two cubic phases at 
slightly different compositions, and we can sieve particles 
or macromolecules of a narrow and precise size fraction. 
The DDAB / styrene + cross-linker / water cubic phase 
exhibits an increase in lattice parameter of approximately 3 
Angstroms per percentile of water, so that the pore sizes in 
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the two membranes can be chosen to be, say, 90 to 110 
Angstroms. A solution containing microspheres of several 
sizes, say 100 and 125 Angstroms diameter, will be passed 
first through the 110 Angstroms membrane, and the filtrate 
then passed through the 90 Angstroms membrane, so that the 
125 Angstroms spheres should be rejected by the first filter 
and the 100 Angstroms spheres by the second. Similarly, a 
mixture of a wide MW range of polymers or proteins can be 
passed through the two filters sequentially and the fraction 
rejected by the second filtration can be checked for 
polydispersity index by standard techniques. 

3 * N ear-critical behavior. As mentioned above, the 
group of John Reppy at the University of Cornell has 
indicated that they will have a BET adsorption isotherm done 
on the specimen that we have provided them. This will then 
be tested as a highly-ordered microporous material in 
experiments on the near -critical behavior, of superfluid 4He . 

4. Single-crystal ; The C 12 E 6 cubic phase can be 
polymerized to obtain a monodomain (or "single crystal") 
specimen. This can be then characterized by single-crystal 
x-ray techniques; the orientation of the lattice would be 
known from the preparation. This would be an aqueous-phase 
polymerization, because the aqueous phase is a single 
labyrinth whereas the surfactant is divided into two, 
ais joint continuous networks. We have been able to 

incorporate 25 percent monomeric acrylamide into the aqueous 
phase . 
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5 * E "zy°e incorporation; Using a polymer izable 
surfactant, an enzyme such as glucose oxidase can be 
incorporated into a cubic phase, smeared onto the tip of a 
P H meter probe, and fixed by polymerization. The probe 
is then dipped into a glucose solution and the pH measured 
as a function of time. A drop in the P H would indicate the 
oxidation of glucose by the immobilized enzyme. 

6 * Cytochrome-c incor poration : We can incorporate 
cytochrome c into a cubic phase as in the experiments of 
Luzzati and coworkers, except with a polymer i zable analogue 
of monoolein. After polymerization, racemic mixtures of 
different compounds would be passed through the membrane, 
and the filtrate tested for optical activity. It is not 
expected that every sized molecule can be separated by 
chirality in this manner, but for molecules with sizes 
slightly smaller than the pore size, the separation of 
enantiomers should be possible in many cases, with the 
separation increasing with the number of passes through the 
membrane . 

1 ' High org anic concentration : Samples are now 
being prepared of the type described by Scartazzini and 
Luisi for SAXS analysis, to determine if indeed they are 
cubic phases. Since these occur at very high concentrations 
of organic and very low concentrations of water, they would 
open up many interesting systems in composition regimes 
which are relatively unexplored. 
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polymerize both the styrene AND the surfactant, so to create 
a microporous material with ionic pore walls. 

11. We will continue to take the DDAB/styrene/ 
water cubic phase to higher temperatures, and at the upper 
stability limit, perform a thermally-initiated 
polymerization reaction of a sample of large volume. 

12. Acrylamide : Acrylamide has been added to the 
water component of 

a) the DDAB/water/dodecane cubic phase 

b) the C 12 E 6 /water cubic phase 



and 



13> E "zyme immobilized in a lipid-water cubic 
Piiase: Proteins can be incorporated, in fairly high 
concentrations, into bicontinuous cubic phases ma de with 
polymerizable lipids that are biocompatible . Glycerol 
oonooleate, or -monoolein, is an uncharged biocompatible 
lipid (e.g., present in sunflower oil), with one fatty acid 
chain containing a single double bond. A varient of 
monoolein with a conjugated diene in the chain is 
monolinolein, and the monolinolein-water phase diagram is 
know to be nearly identical with that of monoolein-water 
(36). As discussed above, the #212 cubic phase structure has 
been found in the tmonoolein/water/cytochrome-c ] system, ar^ 
the present authors have found the same structure at 6.7 wt% 
cytochrome, 14.8% water, and 78.5% monolinolein, where the 
monolinolein contains 0.4% AIBN . After equilibration, this 
cubic phase was placed in the UV photochemical reactor in a 
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water-jacketed cell and bathed in nitrogen in the usual 
manner. After 48 hours the sample had polymerized and could 
be held by a tweezers, and was a deep red color, as in the 
unpolymerized phase, due to the strongly-colored protein. 
X-ray of the polymerized sample appeared to be consistent 
with space group #212, with a lattice parameter of 
approximately 110 Angstroms, although the Bragg reflections 
were very weak. 

14. Polymerization in a nonionic system : 
Polymerization of the bicontinuous cubic phase in the system 
[aidecyl hexaethyleneoxide (C^Eg) water] has also been 
performed using acrylamide as the 

aqueous monomer, and the polymerized phase shown by X-ray to 
have retained its cubic ordering. The acrylamide made up 
19.96wt% of the aqueous phase, and hydrogen peroxide was 
usea as the initiator at 1 . 1 wt% of the acrylamide. This 
aqueous phase formed 30.30 wt% of the total mixture. The 
polymerization was performed in a nitrogen atmosphere at 
23°C, via UV irradiation. Following polymerization, the 
phase was soaked in ethanol for several weeks, to replace 
all components except the polymer gel. An X-ray analysis 
was then performed on the polymerized sample, and indexing 
or the resulting powder pattern revealed a cubic structure 
of space group #230, with a lattice parameter of 93 
Angstroms. At 38 wt% water, 62% C^E^., Rancon and Charvolin* 
(14) reported the same space group in an unpolymerized 
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phase, with a lattice parameter of 118 Angstroms. In 
contrast to the latter experiments, no steps were taken to 
produce a single crystal sample; however, in view of the 
fact that monodomain cubic phases are relatively easy to 
produce in this system, a monodomain polymerized cubic 
phase, exhibiting single crystal texture in X-ray analysis, 
can be produced . 



The successful polymerization of this cubic phase 
is also of potential importance in that, by keeping the 
ratio of ethylene oxide to hydrocarbon groups fixed and 
increasing the molecular weight of the surfactant, it is 
possible to produced polymerized bicontinuous cubic phases 
with a continuum of pore diameters up toward the micron 
range . 

In particular, indexing of X-ray patterns from 
seven [C^/water ] cubic phases, with n-17 and m-70 
(surfactant mixture obtained from Berol, Inc.) between 25 
and 55% surfactant, is consistent with the bicontinuous #230 
structured discussed above (data courtesy of K. Fontell). 
The conclusion that these cubic phases made with high 
molecular weight surfactants are indeed bicontinuous was 
also demonstrated by NMR self -diffusion measurements. Sei_ • 
diffusion measurements were performed using the Fourier 
transform pu lsed-gradient spin-echo ( FTPGSE ) technique, with 
X H NMR, on a modified JEOL FX-60 NMR spectrometer, operating 
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at 60MHz. The method as practiced at the University of Lund 
has been described in detail in: U. Olsson, K. Shinoda, B. 
Linaman, J.Phys. Chem. 1986, 90, a4083-4088. The 
self-aif fusion constant for the aqueous component ( HDO, 
present in trace amounts in D 2 0) , after suitable corrections 

for hydration of the ethylene oxide groups, was 4.0 x 
— 10 2 

10 m /sec. The surfactant self-diffusion constant was 2.5 

x 10 10 m 2 /sec. For comparison, at much lower molecular 

weight there exist two cubic phases in the C. E / water 

system, one of which is bicontinuous and one of which is not 

(the latter is made up of discrete micelles). In the 

bicontinuous phase case (which has the Ia3d, #230 

structure), the surfactant self-diffusion has been found to 
— 10 2 

be 8 x 10 m /sec (Nilsson, Wennerstrom , and Lindman 1983), 
whereas in the discrete cubic phase the surfactant self- 
dirfusion rate in the high-MW case is actually higher than 
that in the low-MW discrete case, and only a factor of three 
lower than that in the known low-MW cubic phase; the factor 
of three is of course due to the slower diffusion associated 
with a higher-MW molecule (larger by about a factor of about 
six). The high diffusion value for the water component then 
also demonstrates water continuity, which is not surprising 
because the sample is high in water content. Thus the X-ray 
results, indicating a bicontinuous structure, are confirmed 
by this self-diffusion experiment. These experiments prove 
that bicontinuous cubic phases exist in high-MW surfactant/ 
water systems, and in fact, as the MW gets higher in these 
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systems, the composition range over which the bicontinuous 
cubic phase exists get very wide. In this case, it exists 
from 25 to 55% surfactant at room temperature. 

15. Thermoposimetry: Thermoporometry was used to 
characterize the pore size distribution of a polymerized 
cubic phase. This measurement is based on the principle 
that the melting (and freezing) temperature of water (or any 
fluid) is dependent on the curvature of the solid-liquid 
interface, which depends on the size of the pore in which 
the interface is located. For the melting of ice into water 
inside a cylindrical pore of radius R (in nanometers), the 
melting temperature is decreased by an amount of T ( in 
degrees Celsius) given by [Brun 1977] : 

T=32.33/(R-0.68) for melting, and 
T=64.67/(R-0.57) for freezing. 

For a pore with radius R=100 Angstroms, for example, this 
would be a drop in melting temperature of about 3.47°c, 
which is easily detectable .with a differential scanning 
calorimeter (DSC). The method applies for pores between 20 
anu 200 Angstroms in radius. Only in the case of a 
microporous material with very monodisperse pores does the 
resulting DSC scan exhibit a peak at this offset 
temperature, with a return to the baseline before the second 
peak at 0°C arising from bulk water around the sample. 
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The primary advantages of thermoporometry over 
other porosimetry methods, such as BET porosimetry, are 1) 
it is a simple, straightforward measurement made with 
standard equipment, and 2) the sample does not need to be 
dried, and thus supercritical drying need not be performed. 
Thus, the material is investigated under conditions which 
are most similar to those conditions encountered in normal 
use . 

The cubic phase examined with thermoporometry was 
a monolinolein/water/cytochrome-c cubic phase prepared 
according to the method of Mariani, Luzzati, and Delacroix 
(1988; their preparation used monoolein instead). The 
resulting sample was in the two-phase region at 23°C, which 
is an equilibrium between two bicontinuous cubic phases, one 
with space group #212 and the other, at higher water 
content, with space group #229. Therefore, the exact 
composition of the same was not know. However, those 
authors performed X-rays on four samples in these two 
regions of the phase diagram and their estimates of the 
radii of the aqueous channels were in all four cases within 
4 Angstroms of R-16.7 Angstroms. Our monolinolein sample 
contained AIBN as initiator, and was exposed to UV radiation 
for 48 hours. The polymerization of this lipid has been 
inconsistent. In some cases, complete polymerization results 
and the sample is quite solid, while in other cases, several 
days of exposure does not bring about complete 
polymerization. The reason for this is as yet unknown, but 
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the elimination of oxygen from the sample seems to be the 

most difficult step. A partially polymerized sample was 
examined with thermoporometry . This sample was chosen for 
the experiment because this cubic phase structure provides 
the most nearly cylindrical pores upon polymerization, and 
the equations of Brun are derived under the assumption of 
cylindrical pores. In more complicated pore shapes, the 
relationship between the pore size and shape, and the mean 
curvature of the solid/liquid interface, is more 
complicated . 

About 16.5 mg of the specimen was then examined in 

a Perkin Elmer differential scanning calorimeter, model DSC 
* 

II. On the freezing scan, the freezing began at about 222°K 
and the Brun equation yields a pore radius of R=18.4 
Angstroms. The maximum corresponds to R=17.7 Angstroms. 
The melting curve shows more complicated behavior above 
240°K (part of which is due to the melting of free water at 
273°K), which we do not fully understand yet. Since there 
is a hydrated protein present, some of the melting at high 
temperatures (=266«K) is probably due to the water hydrating 
the protein. Nonetheless, focusing on the hump near 236°K, 
we again see evidence for monodisperse water-filled pores. 
The hump starts at about 230°K, which corresponds to about 
16. 3A. Putting all of this together, we see that the 
thermoporometry gives good evidence of monidisperse 
water-filled pores with radii of approximately 14 to 18 

* See FIG.s 8 and 9. 
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AngstrWs, which is in excellent a ^ eenent with the radius 
expected from the X-ray results of Luzzati and coworkers. 

16 ' Mobilization of gluc ose oxidase : The enzyme 
glucose oxidase was incorporated into the aqueous phase of a 
cubic phase and this aqueous phase polymerized by the 
addition of monomeric acrylamide. Except for a slight 
yellowish color from the strongly colored glucose oxidase, 
the result was an optically clear polymerized material. The 
concentration of enzyme in the aqueous phase was 10.3 mg/ml . 
the acrylamide concentration was 15.4 wt%, and hydrogen 
peroxide as initiator was present at 0.3 w/w% of the 
monomer. This aqueous solution was mixed in a nitrogen 
atmosphere with 24.3 wt%£ DDAB and 10.93 wt% decane , and the 
solution centrifuged for one hour to remove any remaining 
oxygen. This water content, 64.8%, was chosen based on SAXS 
study of the cubic phase as a function of water content in 
similar systems. Above about 63 vol% water, the lattice 
parameter is larger than 175 Angstroms with either decane or 
decanol, the aqueous regions should be large enough to 
contain the enzyme. 

Two samples were prepared for polymerization. One 
sample was simply placed in a quartz tube and polymerized 
for X-ray analysis. The other was smeared onto a nylon 
backing which had been shaped to fit on the end of a pH 
probe. Both samples were bathed in nitrogen during UV 
irradiation. The first sample was about 1 . 5 mm thick and 
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after polymerization was a clear solid which could easily 
handled; this was loaded into a flat SAXS cell with mica 



indicated a lattice parameter of 320 Angstroms. The second 
polymerized sample was soaked for one day in ethanol to 
remove the DDAB and decane, and then secured over the tip of 
a pH probe, and the enzyme was shown by the method of 
Nilsson et al. (37) to have retained its activity in the 
polymerized cubic phase. This example is a demonstration of 
a general application, namely in biosensors. In many cases 
the substrates to be detected are of a higher molecular 
weight than glucose ana the porespace created by the cubic 
phase microstructure can be tailored to the size of the 
substrate . 



indows. Indexing of the resulting peaks to a BCC latti 
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FURTHER DETAILS OF MATERIALS INCORPORATING 
BIO- ACTIVE AGENTS 

(This subject matter is further discussed in the 
article P/Lymerization of Lyotropic Liquid Crystals 
which is attached as Appendix D and forms a part 
of this disclosure.) 
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established with the minimum possiol £££££ wffi^* Wm *? flow to be 

characterize prior art isotropic membrane? rh™cc wideporeaze distributions which 
and these may be much ^SSSSS^^^JS^^T^ ^ *" ^ 
array filters cannot achieve the high porosity hieh^S . * fiblB bundIeS ° r ca P iUa ^ 

some cases), and resistance to ctofginX are SS^S^*? ^ (over 3 '°°° ™ 2 'g™ in 
porespace of the present material g 3de b * * c highly-interconnected 

hydrolysis in the pH range 1-10 does not rea« «£w£^ ch emically stable, resistant to 
. modified chemically and subsequent coupS t^an Szv™^' f*", However ' PAM can be 
widely used polymer for the covalent ■ bonE of ^en^Sl l^ 31 ^^ Md in fact this is the most 
to covalendy bond enzymes, but whh SKSS'S?" Beads ° f PAM £el commonly used 
of square meters per g£n, whereTs A^sSfS^riJfSJ?? 8 7 2° ° rder of at ^osuens 
square meters per gram. Furthermore initiator^ 5E - f fers or even thousands of 

in biological sources, such as riboflavin the P^^^on of acrylamide can hVfound 

through the skin, for example, or to make the E ° 1S t£> te mjected into the body or absorbed 
simple diffusion. There are mZy pSsible rLK 1ST accessibl e to the substrate through 
^ \ ^ 3 ^ | ^^P ^B g ^^S C ° Uid * Used to Produce displratns of. 

polyhed^-shap^parfcG^ experiment in which relatively mondisperse 

and were photo^hed t^Tjffi^^J^ P*« spontanLsly formed ' 
surfactant "Aerosol OT" was dried in the SSnrf i^T 8 Preparation of the anionic 
corresponding to the well-knownhi™! nucrosco j? e and wh ™ the concentration reached that 

Photographs of these panicles were Sished ? ?rh?w mic ™ observed to form. 

at work to reproduce this experiment P wuh AOT ™H h fn*^ ? ray volume " At Present we are 

eventually to polymerize suchpSeT hopefully, other surfactants and Hpids.Ind 

In addition, to AOT s] 

dispersion SfccP 6 ' * ^ » ofX^f 

should also be mentioned that th, C °^ Ugaled bile salts can Sso te,?S lte .? n be used to obtain a 

There exist many wav^ in « L i_ «*«nx 

phospholipids. lK £S ^"P of Phospholipid S SS? ha ? that 
chains cofid be S&'^Vw SynSS^t 
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b) We have produced a dispersion of polymerized bicontiiiuous cubic phase panicles, with 
estimated sizes of 1 to 10 microns. The starting material was actually the result of what was 
thought to be an "unsuccessful" experiment. The DDAB / water / styrene cubic phase discussed at 
length in the original application and the Response to the first Office Action was prepared, using 
less than 7% styrene and no cross-lin king agent . Under these conditions it is not surprising that 
after polymerization, the polymer could easily be broken up by mechanical disruption, and in fact 
after 30 minutes of sonication, a very fine dispersion of particles resulted. This sonication was 
performed after replacing the unpolymerized components with methanol, and sedimentation was 
then avoided by adding approximately 1.7 parts of 2-chloro-ethanol per 1 part of methanol, in 
order to match the gravimetric density of the fluid to that of the (microporous) polystyrene 
particles. The dispersion was white in transmitted light and slightly bluish, and some particles 
were just large enough to be visible to the naked eye, which together indicate particle sizes on the 
order of 1 to 10 microns. 

Quite probably the sonication breaks up the cubic phase into particles which are each actually 
a microcrystallite, because it is at the microcrystallite boundaries that the continuity of the 
polystyrene is probably most disturbed, at these low concentrations of styrene in the cubic phase 
Together all of these facts suggest that the size of the particles in the final dispersion could be 
controlled by controlling a) the nucleation kinetics and thus the microcrystallite size; b) the 
concentration of monomer and, in particular, of cross-linking agent; and c) the extent of sonication. 
The density matching is then a relatively simple step, and in cases where particle flocculation is a 
problem, standard techniques in emulsion science can be used to stabilize the dispersion against 
flocculation, such as the use of surfactants or adsorbing polymers. 

c) Spray techniques can be used, in which for example tiny amounts of lipid or surfactant 
would be sprayed into a liquid, most likely water or aqueous solution, this method applying at least 
in cases where the lipid or surfactant forms a cubic phase which is in equilibrium with excess 
water. For excample, the polymerizable lipid glycerol monolinoleate ("monolinolein", discussed in 
the Response to the first Office Action) forms a cubic phase which is in equilibrium with excess 
water over a wide temperature range, and therefore if a drop of monolinolein were introduced into 
an excess of water, it would spontaneously form a tiny clump of cubic phase, this being the 
equilibrium state. Such clumps could be then polymerized to form the desired dispersion of solid 
microporous particles. 

d) Another technique is to use a solvent, such as ethanol, in which the surfactant or lipid is 
soluble, and mix together a dilute surfactant solution with a dilute solution of water in the solvent 
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j A ,„ ,„,„„„ off the solvent The solvent should of course be more volatile than water. Due 
KSS» ^ ^ *W<* ^ould be chosen to torn, a , abdc pta* 

ve ^specific, for the simple reason that in general the creanon of nucleanon sites by 
"fmnurities" does not require specific or permanent interactions at these nucleanon sites. For 
.Sffi Wrf^&gh Aty can be undemooled many degrees below 0°C whereas any of a 
wide range of impurities will significantly reduce this undercooling. 

The use of such dispersions of polymerized cubic phase panicles in first-order 
controUed-release tog delivery is an exciting possibility opened up by ^P^^Kf 
SnSK? Samole shows Consider the release of insulin in response to blood glucose levels. 
SScSSftSqSSl in wh ch each particle had an outer coating consisting of a biconnnuous 
cXc phie Sen wfth glucose oxidase. UV irradiation would proceed at least to the point where 
SouterToating wTpolymerized. In the presence of high glucose levels, the oxidation of 
SS^^iSn^Xnzyrne would cause a lowering of the pH due to the -f^cra °f 
hydrogen peroxide. Then, methods are known by which pH changes can be used to effect the 

relea ™ f s faneTe^ieTusJates a feature of the present invention which is independent of die 
primaryfeanie of monodisperse pores. This feature is, namely, the fact that particles of a wide 
?axierycan be coated with biconrinuous cubic phase and polymerized to create an outer, 
How mating which can also contain biocatalysts. The high viscosity of cubic phases 
3£ with the fa?t that many exist in equilibrium with excess water, make it possible to create 
SfcubkTase coating »nder eq uilibrium conditions. If one were to try the same procedure wuh, 
for eSmpk, acrylamide, this would be impossible because the AM would be m solution and not 
on the surface of the particles. 



C ontainment of hiocatalvsts within semi permeable membrane cells. Biocatalysts can be 
immobilized by placing a solution of the catalyst inside a cell which is used in the same way as a 
beaker but which is capable of continuous operation mode because of the use of a semipermeable 
membrane. The membrane should allow reactants and products to pass freely but should contain 
the biocatalyst inside the cell. Clearly the precision of the present microporous material could open 
up new possiblities in biocatalysis using this approach, both by increasing the effectiveness and 
reliability of existing processes, and by making feasible new combinanons of catalyst and substrate 
which previously were not separable with existing membranes. As was discussed in the Response 
to the first Office Action, although the molecular weight of typical enzymes is usually considerably 
larger than that of their corresponding substrates, the effective "diameter" of each of these 
compounds goes roughly as the one-third power of the molecular weight, so that the ratio of the 
effective diameters of an enzyme to its substrate is usually much less than 10, and often only two 
or three. The requirements on the containing membrane are thus in many cases that the pores be 
substantially monodisperse. 

This method is one of the only methods which is effective with high-molecular weight or 
water-insoluble substrates. Other methods, such as enzymes bound to water-insoluble polymers, 
have inherently low effectiveness because of the steric repulsion between the polymer and the 
substrate. In addition, in cases where the action of the enzyme is to breakdown a higher-MW 
substrate, the high monodispersity of the pores in the present materials can be used to control the 
molecular weight of the final product exitting from the reactor cell; with a smaller pore size, the 
substrate would be contained for a longer time in the cell and broken down into smaller fragments, 
until finally these were small enough to pass through the membrane. 

In addition to size exclusion, porewall charge characteristics can be selected so as to retain the 
enzyme and allow passage of substrates and products. In the original application many possible 
means for producing membranes with anionic, canonic, zwinerionic, polar, and nonpolar 
porewalls were discussed, and every year the number of successfully synthesized polymenzable 
surfactants increases, making more choices available for producing such membranes from 
polymerizable surfactants with desired electrostatic properties. 
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In this method of immobilization, there is no modification of the enzyme required, and in fact 
the enzyme is simply put into solution and placed inside the cell. After use, the enzyme solution 
can be removed and reused. Furthermore, several biocatalysts can be simultaneously immobilized 
while minimizing the problems associated with other immobilization methods when faced with ' 
several enzymes having different chemical and physical requirements. 

A related application of semipermeable membranes in the use of enzyme reactions is 
exemplified by the glucose probe produced by Yellow Springs Instrument Company. This probe 
consists of three layers placed m contact with a polarized platinum electrode; this electrode is 
sensitive to hydrogen peroxide. The glucose oxidase on glutaraldehyde resin particles constitutes 
the middle layer which lies between a polycarbonate and a cellulose acetate membrane These 
membranes not only immobilize the enzyme, but they also minimize the amount of compounds 
reaching the probe electrode which would otherwise interfere with the measurement. The pores of 
the polycarbonate membrane allow the passage of glucose and oxygen, but not cells or 
macromolecules. The inner, cellulose acetate membrane allows hydrogen peroxide to reach the 
electrode but not glucose and acids such as uric or ascorbic acid. However7in view of the 
limitations of the cellulose acetate membrane, it is perhaps not too surprising that other substances 

Tal fgs&'tf ™ nVe l^\ an l£ TO V 98 * Kay Ta y lor ^ 83 > and certain drugs (IS 
et al. 1982) are able to reach the electrode where they produce spurious results. This example 
serves to demostrate the potential importance of the present invention in biocatalysis applications 

SSSS p^oS b3SiS ° f SiZC ' COmP ° UndS ^ « " 0t ■« -™e 

recombinant DNA technology is now making tailor-made enzymS possible. Oth* re ated areas in 
which the present invention could be of importance in enzyme technology are SoFEtT and 
analy^eT in0metnC ^ USe of luciferinase ^zymes to achieve very sensitive 



For certain enzymes which are particularly sensitive to chemical conditions and might lose 
considerable activity if exposed to unfavorable conditions during the polymerization step there are 
many ways in the present invention to avoid such exposure. Discussed above is the process of 
forming the rmcroporous polymer first, followed by covalent bonding or adsorption of the enzyme 
according to more or less standard methods. In fact, in the recent literature on polymerizable 
liposomes syntheuc schemes have been reported for introducing functionality in the lipids and 
subsequently covale.nrly bonding enzymes; for example, nnlymerirahle phospholipids with latent 
aJdehydes in the polar groups can be photopolymerized and subsequently bonded with 
a-chymorxypsin (S. Regen, M. Singh and N.K.P. Samuel 1984). Another method for 
bilayer-bound enzymes involves the use of lipids or surfactants which contain a polymerizable 
group as part of a spacer that extends out from the bilayer into the aqueous phase. Laschewskv 
Ringsdorf, Schmidt and Schneider (1987) have synthesized several such polymerizable lipids 
including one form that is a phospholipid. Even if radical-generating initiators were used to initiate 
the polymerization of such lipids, they could be chosen so as to reside in the aqueous phase and 
thus the exposure of the enzyme to any radicals would be minimal or essentially nonexistent Two 
of the lipids synthesized by that group are, except for the polymerizable group/basically the same 
as the lipid glycerol monooleate (or monoolein), which as discussed at length in the earlier 
documents forms _ biconunuous cubic phases; furthermore, as discussed herein some of these cubic 
phases are in equilibrium with excess water and thus very versatile and convenient in many 
respects. J 
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Another method which involves remarkably mild conditions during polymerization is through 
the use of lipids or surfactants forming sulfide linkages. Thiol-bearing phosphotidylcholine lipids 
have been synthesized (N.K.P. Samuel, M. Singh, K. Yamaguchi, and S.L. Rcgen 1985) and 
one variant is a cylic monomer with a disulfide bond This cyclic monomer undergoes a ' 
nng-opening polymerization triggered by 5 mol% dithiothreitol PIT). These authors claim that 
this is the mildest synthetic route available for the polymerization of phospholipid membranes In 
addition, the fact that the number and type of chemical bonds is unchanged by the polymerization 
suggests that the change in volume upon polymerization should be very small, although the 
publications to date on these lipids do not discuss this. A small change in volume on 
polymerization is imponant in fabricating precision pans, and in maintaining polymer uniforrnity 
with a low density of defects. 

^ • , X hes ^ ^ol-bearing phosphotidylcholine lipids can be polymerized and dcpolymerizcd by a 
thiol-disulfide redox cycle: hence they have been referred to as 'on-off surfactants. This opens up 
many exciting possibilities, including that of controlled- release applications. One such possibility 
now being discussed in the literature on liposomes is the conrrolled-release of anrigens/haptens 
because their lateral mobility and distribution are believed to play an important role in the 
immunological system (IT. Lewis and H.M. McConnell 1978). It has been suggested that the 
lateral motion of haptens could be tuned through the use of vesicles composed of on-off lipids or 
surfactants. We suggest here that the same approach using bicontinuous cubic phases could be 
even more effective because of the inherently higher concentrations in cubic phases and the fact that 
cubic phases are thermodynamic equilibrium states, and can thus be produced under milder 
conditions and with more reliability and versatility in the process conditions. We have previously 
discussed conditions under which phospholipids are expected to from bicontinuous cubic phases 

These polymerizablc/depolymerizable lipids are one example of polymerizablc lipids which 
form polymers that arc biodegradable. Another class of such compounds now being investigated 
consists of lipids or phospholipids with amino acid groups which polycondensate to form 
polypeptides. As early as 1948, Katchalsky and coworkers performed a successful 
polycondensation reaction of ociadecyl esters uf glycine mid analhic hi Laugmitir-BlodKctt 
mulnlayers Such studies are now being actively resumed in an attempt to produce biodegradable 
polymerized vesicles, and as above we argure that similar chemistry, but carried out in the 
bicontinuous cubic phase instead of in vesicles, can be used to create biodegrable and/or 
conrrolled-release materials endowed with the inherent features of bicontinuous cubic phases. 

Under the general heading of polymerizablc surfactants, the polymerization of counterions is 
another interesting possibility for the fixation of biocatalyst- containing bicontinuous cubic phases 
with a minimum of effect on bilayer-bound catalysts. The polymerization of counterions is similar 
in spirit to the use, in Nature, of polymeric frames that are attached to cell biomembranes and that 

3 biomembrane an added degree of stability and flexibility. In fact, MSIlerfeld et al (J 
Mollerfeld, W. Prass, H. Ringsdorf, H. Hamazaki, and J. Sunamoto 1987) showed that the ' 
mechanical stability of bilayers of glycerol monooleate (monoolein) can be dramatically increased 
by the introduction of hydrophobized polysaccharides. Polymerizable counterions, typically 
containing methacrylate groups, are now being investigated in connection with liposomes Choline 
methacrylate counterions (H. Ringsdorf and R. Schlarb 1986) for double-tailed phosphates create 
analogues to phospholipids with polymerizable counterions. A further step is the anchoring of the 
resulting polyelectrolyte to the (unpolymcrized) lipid by covalent bonding of the polyelectrolyte to 

some of the lipids. Work at the University of Lund has shown that the polymerization nf 
counterions leads to a tighter binding of the counterions to the coions, due to the rSed effirt of 
the countenon translanonal entropy (C. Woodward, B. Jbnsson 1988)?Sd thi r3£?Suw£ 
expected to lead to greater mechanical stability. Could be 



WO 90/07575 



a PCT/US89/05864 

N3 ® 



HYDROGEL MATERIALS 



It is well known that the optimal hydrophilic 
contact lens should have as high water content as possible, 
yet have good mechanical integrity and notch strength. High 
water content lessens the irritation of the eye, establishes 
a high degree of hydr ophilici ty which leads to better 
lubrication during blinking, and most importantly, it is-- 
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known that the permeability of oxygen through the lens 
increases exponentially with water content. Furthermore, the 
lens should have a large effective pore size so as to allow 
the passage of not only low-molecular weight tear film 
components, such as metabolites (glucose, urea, lactic acid, 
etc.) and ions, but also higher -MW components such as 
proteins and mucins, thus minimizing the effect of the lens 
on the distribution of these components in the preocular 
tear film (POTF) without the need for tear exchange under 
the lens. In prior art contact lenses these have represented 
conflicting requirements and compromises have had to be 
made. For example, good integrity requires a high degree of 
cross-linking and thus low water content and small effective 
porsize. Lenses such as Sauflon 70, which are made from 
copolymers of hydrophilic and relatively hydrophobic 
monomers, have a high water content, but the tear film over 
these lenses has been found to be definitely thinner and 
less stable than the normal POTF (Guillon 1986; note that 
some authors use the term pre-corneal tear film, or FCTF, 
instead of POTF), whereas the pre-lens tear film (PLTF) over 
lenses made from PHEMA, a very hydrophilic polymer, were 
found to be very similar to the normal POTF. Furthermore, 
the use of PVP (polyvinylpyrrolidone) to achieve high water 
content results in lenses which yellow with age (Refojo 
1978) . 
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The desired properties have been obtained, and the 
difficulties of prior materials have been overcome in a 
novel and unobvious manner by the present invention. Other 
properties and advantages will become apparent in what 
follows . 



SUMMARY OF THE INVENTION 



In the present invention, a hydrophilic 
substituent of a bicontinuous cubic phase is polymerized 
according to the methods disclosed in the copending 
applications cited above, and the unpolymerized components 
subsequently removed and replaced with water, thus creating 
a hydrogel which is locally highly cross-linked but 
nevertheless of high water content because of the presence 
of a periodic network of water-filled pores superposed on 
the hydrogel matrix. We will use the word "macropores" to 
refer to this periodic network of water-filled pores 
resulting from the cubic phase microstructure . The diameter 
of these macropores can be preselected, by methods taught in 
the applications cited above, to be between 20 Angstroms and 
several hundred Angstroms or even higher, and in general 
will be much larger than the "micropores" within the 
hydrogel portions of the final material. A simpler way to 
understand this superstructure is to imagine taking an 
ordinary hydrogel, with say, 10 Angstroms average diameter 
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micropores and "drilling" a network of pores of, say, 100 
Angstroms diameter and filling these macropores with water. 
By adjusting the composition of the cubic phase, the volume 
fraction phi g of the hydrophilic substituent — usually a 
hydrophilic monomer such as 2 -hydroxy ethyl methacrylate 
CHEMA) with added cross-linker and usually swollen with 
added water — can be made considerably less than 50%. If 
phi m is the volume fraction of monomer in the hydrophilic 
constituent then the volume fraction of water in the final 
macroporous hydrogel will be l-phi g +phi g ( 1-phi^) ; that is, 
the water content in the final material has two 
contributions , one from the water in the hydrogel portion of 
the microstructure, and one from the much larger macropores. 
For example, for the cubic phase with 

didodecyldimethylammonium bromide CDDAB) as the surfactant, 

phi can be chosen between 11% and 70%, so that if phi is 
g ' tr m 

60%, then the final water content can be chosen between 58 

and 93%. 

DETAILED DESCRIPTION OF THE INVENTION AND PREFERRED 

EMBODIMENTS 



Effect of macropores on physical properties 

A fundamental advantage of this material is that 
the strength of the final material can be made much higher 
than a simple hydrogel at the same water content. This is 
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because the shear modulus G of a simple hydrogel is a very 
strong nonlinear function of the water content, whereas the 
same shear modulus of a macroporous material depends only 
linearly on the macroporosity . In a simple gel at 
equilibrium swelling, if v 1 is the molar volume of the 
solvent, and X is the interaction parameter between the 
solvent and the polymer, then the shear modulus is (Flory 
1950) : 

G = RT[ln(l-phi )+phi +Xphi 2 ]/[v. (phi 1/3 -phi )] 
s m m m 1 m c m 

Thus, for example, the shear modulus of 

poly-cis-l,4-butadiene (Shen, Chen, Cirlin, and Gebhard 

1971) decreases from 1.35xl0 7 dynes/cm 2 to 2.56xl0 5 
2 

dynes/cm when the water content increases from 56% to 82%, 
a decrease in strength of fifty-fold. On the other hand, the 
shear modulus of a macroporous material depends only 
linearly on its porosity (see, e.g., Snyder 1982). Thus if 
the water content in the same rubber were increased from 56 
to 82% by the "drilling" of macropores of 26% volume 
fraction, then the decrease in shear modulus would be 
expected to be on the order of only 30%, instead of a factor 
of fifty. The reason for the dramatic decrease in strength 
in the first case is of course due to the much lower 
concentration of cross-links in the simple gel, in addition 
to the higher water concentration. 
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An analogy can be drawn with structural parts in, 
for example, airplanes where high strength and low weight 
are required. It is common engineering practice to use 
high-strength materials in which large holes are removed to 
decrease weight, with only a modest decrease in strength. 
This thus represents a higher strength-to-weight ratio than, 
for example, a thinner piece of the same material but 
without holes. in the present invention, the macropores 
which are analogous to these holes are formed by the 
additional step of forming a bicontinuous cubic phase in 
which one of the continuous components is an aqueous 
solution of hydrophilic monomer, which is polymerized in the 
same way as in the formation of a simple hydrogel. Thus the 
chemistry of the final hydrogel is the same as in the simple 
hydrogel, after the removal of the unpolymerized surfactant 
(and possibly hydrophobic component), and the only 
difference is the presence of the macropores. 

As mentioned above, the oxygen (and carbon 

dioxide) permeability depends exponentially on the water 

content of the lens. At 25°C, the oxygen diffusion rate for 

a wide variety of hydrogels, in units of 
2 

cc (STP) 'mm/ cm "sec'cm Hg , is given by: 
P d =1.5xl0~ 9 exp(4.09phi w ) 
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Thus for example, an increase from 70% water (as in Sauflons 
79) to 90% increases oxygen permeability by 126%. This has 
lead to great efforts on the part of contact lens 
manufacturers to develope hydrogels of very high water 
content. The macropores of the present invention represent a 
sensible and effective means of arriving at high water 
contents without sacrificing mechanical integrity. 
Furthermore, another impetus for increasing the water 
content is the fact that dry contact lenses cause abrasion 
to the cornea (Ruben 1986). Contact lenses made from 
silicon-based rubbers, for example, have high oxygen 
permeability, but are the cause of considerable discomfort 
due to their hydrophobicity , and collect mucous and lipid 
deposits, eventually leading to contraction and crazing 
(Ruben 1978; Bitonte 1972). 

The role of higher-MW tear film components passed by 
macropores . 

In addition to the higher water content at the 
same or greater strength, the macropores provide for 
transport of higher-molecular weight tear components 
throughout the eye-lens system. Many of the essential 
functions of the POTF (or the PLTF) — optical, metabolic, 
lubricant, and antimicrobial — depend on the distribution 
of these higher-MW components. The outermost layer of the 
lacrimal film is essential to a high quality refractive 



WO 90/07575 

• ^ PCT/US89/05864 
150 • 

surface. This layer is also important in preventing tear 
evaporation and lowering surface tension. The lubricating 
and wetting roles of the POTF are necessary in blinking 
which in turn is necessary for cleaning the epithelial 
surface. And as in other mucousal surfaces, the POTF plays 
an important role in protecting the epithelial surface from 
microbial attack and other toxins, and provides a compatible 
environment for the epithelium. The precise characteristics 
of the epithelial cells, in turn, change the light 
transmission characteristics; when the refractive index of 
the intercellular spaces become lower than that of the 
intracellular medium, glare and haloes result, and 
transparency can be reduced (Wilson, Bachman, and Call 
1986). According to Jean Pierre Guillon (1986): "The action 
of the lids during blinking is known to be sufficient to 
render the surface of a contact lens wettable by the tear 
film by the spreading of its surface active mucus 
components, but the pre-lens tear film formed on contact 
lenses is noted for its decreased stability in comparison to 
the corresponding preocular tear film. This decreases as 
reflected in a quicker break up time, is due to the 
structural differences between the two tear films, as their 
different mucus, aqueous and lipid components vary in 
conformation and thickness." These facts point to the 
possibility of an extremely important role for the 
macropores of the present invention in reducing the effect 
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of the lens on the composition and functioning of the tear 
film. 



Proteins cannot in general pass through prior art 
soft contact lenses because of the small effective pore 
sizes. In one study (Lundh, Liotet, and Pouliquen 1984), 
over 80% of subjects wearing contact lenses (42 PHEMA 
lenses, 6 PMMA, and 2 silicone-based ) had abnormal tear 
protein profiles. Neither can mucins pass through prior art 
hydrophilic lenses. The most prevalent mucins have molecular 
weights of approximately 400,000. The mucus layer of the eye 
protects the underlying epithelial surface from 
microorganisms, the toxins they produce, and other antigens 
(Strombeck and Harrold 1974; Holly and Lemp 1971; Donae 
1986). Mucins are highly tensioactive (Holly and Hong 1982) 
and appear to be crucial in maintaining the wettability of 
the eye or the contact lens (Proust 1986); the mucins serve 
as a bridge between the hydrophobic epithelial surface of 
the cornea and the aqueous salt layer of the tear film. Thus 
without the mucin layer, the tear fluid would not wet the 
epithelium and would "bead up". Enzymes that are found in 
the normal POTF include lysozyme , peroxidase, amylase, 
B-hexosaminidase, arylamidase, arylsulphatase, acid and 
alkaline phosphatase, plasminogen activator, angiotensin 
converting enzyme, and lactate dehydrogenase (Haeringen and 
Thorig 1986). As discussed in the parent patent disclosure, 



WO 90/07575 



PCT/US89/05864 




I 52- 




the pore size in the present materials are in the correct 
range and monodispersity to allow for selection of the 
proteinaceous and macromolecular components which are to 
pass through the material. 



over the eye quickly after blinking, the tensions at the 
surface of the lens should be low. By choosing the 
macropores of the present invention so as to allow a 
homogeneous distribution of the necessary lipids and mucins 
throughout the eye-lens system, these surface tensions 
should be much closer to the tensions found at the 
cornea-tear film interface in the normal (lens-free) eye. 
This should minimize the occurrence of dry patches. In 
addition to the well-known detrimental effects on the eye 
caused by dry patches, a further complication promoted by a 
short tear break-up time (or BUT) is the occurrence of 
gelatinous deposits in the soft contact lens itself 
(Tripathi, Ruben, and Tripathi 1978). Besides causing 
irritation of the eye, such spoliation of the lens can lower 
oxygen transmission through the lens leading to other 
complications such as epithelial edema, erosion or necrosis, 
stromal edema, superficial or deep corneal vascularization, 
enhancement of endothelial dysfunction, and inflammatory 
reactions . 



In order to permit the spread of the tear film 
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In addition to surface tension, another important 
physical property of the tear film, which is affected by 
components that can pass through macropores but not 
micropores, is viscosity. It is known that the higher -MW 
components of the the tear film render the film 
shear-thinning (Kaura and Tiffany 1986). This is necessary 
to maintain the film when the eye is open, but to enhance 
lubrication, through shear-thinning, during blinking. 

The macropores of the present invention could also 
be of importance in passing the bacteriacidal components of 
the tear film, which include lysozyme (muramidase ) , 
B-lysine, lactoferrin, and a-arysulphatase, and lacrimal 
immunoglobulins. For example, abnormally low concentrations 
of lysozyme in the tear film lead to keratoconjunctivitis 
sicca (KCS; Dougherty, McCulley, and Meyer 1986; Sen and 
Sarin 1986 ) . 



Other relatively high MW compounds that may reach 
the corneal epithelium through the tear film, and whose 
passage could be selectively controlled in the present 
invention by the presence of macropores of selected size, 
include nutritional components, such as Vitamin A, and 
topically-administered drugs (Ubels 1986). It has been 
shown that Vitamin A, a deficiency of which results in 
keratinizing, as well as retinoids can be therapeutic when 
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administered topically to the eye. Thus the lenses of the 

present invention could be particularly beneficial in cases 

where corrective lenses are used in conjunction with such 
treatments . 



Other applications. 

Hydrogels are used in many other applications 
besides contact lenses, and the high strength at high water 
content, biocompatibility , and macroporosity of the present 
invention could make these materials of great potential 
importance in many of these, in particular in skin 
applications (Voldrich, Vacik, Kopek, and Formanek 1975) 
such as soft tissue substitutes, burn dressings, suture 
coatings, and drug-delivery patches. In these skin 
applications the possibilities opened up by the ability of 
the macropores to act in a similar role as the pores of 
normal skin are obvious. As cell culture substrates, the 
ability to select the macropore size could be important, 
both for controlling the passage of nutrients to the cell 
and the nature of the cell sites themselves . For use as 
intraocular lenses (Yulon, Blumenthal, and Goldberg 1984), 
artificial corneas, vitreous humor replacements, and eye 
capillary drains (Krejci 1974), the discussions herein 
concerning contact lenses point to obvious advantages of the 
present materials. Other medical applications of hydrogels 
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include catheters, artificial larynges , urethral prostheses, 
and in plastic surgery. 

Experimental . 

In application Serial Number 07/292,615 an 
experiment was described in which a clear, polymerized cubic 
phase was produced by the UV polymerization of the aqueous 
acrylamide (plus cross- linker) component of a 
DDAB/decane/water + acrylamide + cross linker + initiator 
bicontinuous cubic phase. The weight fraction corresponding 
to the aqueous phase was 65%. X-ray then verified that the 
polymerized structure still possessed cubic symmetry. We now 
describe the removal of the unpolymerized components of this 
specimen to create water-filled macropores . 



tail of 8 carbons and a polar end consisting of 4 ethylene 
oxide groups, forms normal micelles in water to over 30% 
concentration at room temperature. The applicant has 
determined that, although DDAB alone does not form normal 
micelles in water, it is capable of forming mixed micelles, 
apparently, with C 8 E 4 « Thus, 5% DDAB was added to a 15% 
solution of CgE 4 in water, and the C g E 4 /water micellar 
solution remained a clear, isotropic, low viscosity, 
single-phase solution. Then 5% decane was added, and again 
the solution remained a clear, isotropic, low viscosity, 



The nonionic surfactant C D E . , 



with a hydrocarbon 
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single-phase solution. This meant that the unpolymerized 
components, DDAB and decane, could be removed by the 
incorporation of these components into CgE^DDAB/decane 
swollen, normal micelles. Specifically, this was done by 
placing the specimen in water and very slowly dripping in a 
25% aqueous solution of CgE^ such that a final 
concentration of C g E 4 of 15% was reached in approximately 
two days. The amount of water and C g E 4 used to remove the 
DDAB and decane in the specimen was large enough that the 
concentrations of DDAB and decane in the final solution were 
very small, considerably lower than 5%. The specimen was 
then removed from this solution, except of course for the 
small volume of solution remaining in the macropores of the 
specimen, which was replaced with water by* successive 
dilutions . 



The removal of DDAB was established by titration 
of the drawn-off solution with silver nitrate. Silver 
nitrate is water soluble whereas silver bromide forms a 
colored precipitate, which turns deep red on exposure to 
light. Silver nitrate was thus added to the drawn-off 
solution, and ion exchange occurred with the DDAB 
counter ions yielding silver bromide, which precipitated. 
After a few minutes exposure to sunlight, the precipitate 
turned a deep red. We did not attempt to weight the 
precipitate to check that all of the DDAB in the specimen 
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was present in the solution. However, we did the following 
qualitative check. The amount of DDAB in the specimen was 
calculated and this amount dissolved in CgE 4 and water, as 
above. Then silver nitrate was added, and the precipitate 
observed to change color as just described. The amount of 
precipitate was checked visually to be comparable to the 
amount formed from the solution in question. In view of the 
simplicity of the removal/dilution procedure, it is 
effective as a means to remove the unpolymerized components 
to form water-filled macropores . 

This removal of DDAB and decane (as well as the 
water-soluble initiator) was performed very slowly in order 
to minimize, or avoid, disruptive effects on the periodic 
miscrostructure. Indeed, the final result was a perfectly 
clear, isotropic specimen, which was a rubbery solid. 
Clearly the preferred experiment to prove that this last 
step did not disrupt the periodic structure, would have been 
x-ray. Unfortunately, the electron density contrast between 
the macropores and the PAM gel matrix is extremely low 
(after all, the gel itself is 85% water), so that good x-ray 
dif f ractograms are not possible without somehow enhancing 
the contrast. One attempt was made to enhance contrast, 
namely by placing the specimen in a very concentrated 
solution of a protein, in hopes that the protein would be 
small enough to enter the macropores , but not the micopores 
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in the PAM gel matrix. The protein which has been tried so 
far is cytochrome-c, which definitely penetrated into the 
macropores as evidenced by a strongly red-colored specimen 
after sitting overnight in a 40% aqueous solution. However, 
the dif f ractogram was not of good quality. There are a 
number of possible reasons for the poor dif f ractogram. One 
reason is that the entire periodic order was destroyed. This 
is extremely unlikely, however, since there was no visual 
change in the sample, the sample should become cloudy 
(actually milky in all probability) if the periodicity was 
entirely destroyed. Another possibility is that the 
cytochrome-c was able to penetrate into the micropores as 
well as the macropores. This is quite possible because the 
MW of cyochrome is small enough that it could probably enter 
the micropores at the present concentrations. Presently we 
are at work to repeat the x-ray experiment with a different 
protein and with a longer specimen-film distance (which 
means much longer run time). However, since the periodic 
ordering survived the polymerization procedure, evidence 
indicates that it also survived the removal/dilution step, 
particularly in view of the optical clarity of the final 
product. 



As mentioned above, the final material was the 
consistency of rubber, and can be cut into thin slices each 
having good elastic properties. Because the volume fraction 
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of the gel portion is 65%, and 15% of this gel is 
(cross-linked) polyacrylamide , the overall volume fraction 
of polymer is less than 10%, meaning that the water content 
is over 90%. This can be adjusted over a very large range. 
In particular, we have found that with styrene as the oil, 
the cubic phase region extends from about 70% water down to 
approximately 11% water, and the same range appears to hold 
with toluene as oil. When 15% acrylamide (plus cross-linker) 
is added to the water component, this range shrinks somewhat 
at the low water end but is still very large in extent; at 
20% AM in the water the cubic phase is somewhat harder to 
locate, and at 30% harder still. Near 65% water the addition 
of AM has less effect than at the lower water contents, 
which means that it should be possible to repeat the process 
described above near 65% aqueous phase but with 20%, 30%, or 
perhaps even higher percentage of AM in the aqueous phase. 
This would bring the water contents down to 80% or so. Since 
we have found cubic phases at approximately 50% water with 
15% AM in the aqueous phase, we can reach water contents of 
92.5%, for example. 

Polyacrylamide is one typical representative of a 
class of related hydrophilic polymers, and although the 
phase behavior will probably change slightly when another 
monomer such as HEMA is used instead, the cubic phase region 
will still be present in this DDA system. Furthermore, the 
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following are examples of parameters which can be changed so 
as to counteract changes in the phase behaviour that might 
reduce the size of the cubic phase region: 1) the length of 
the hydrocarbon tails of the surfactant can be increased or 
decreased; 2) the counterion can be exchanged for chloride, 
fluoride, etc; 3) the temperature can be adjusted; 4) the 
oil can be changed (note that the effect of changing from 
decane to styrene is to extend the lower limit of the cubic 
phase region from about 30% down to 11%); 5) the head group 
area can be adjusted by substituting other moieties for the 
methyl groups, for example (this has been done in the case 
of DOPC and has induced a cubic phase; Sol Gruner and 
coworkers, 1988); 6) a co-surfactant, such as an alcohol, 
can be added . 

Experimental; Clear polymerized cubic phase using 
cetyltrimethylanunonium chloride 



phase has been produced which, after the removal of the 
surfactant, is 9 2.8% water. The surfactant used was the 
single-tailed cationic surfactant cetyltrimethylammonium 
chloride, or CTAC . CTAC, as well as other closely related 
surfactants including CTAS (sulfur as counterion), CTAB 
(bromide), CTAF (fluoride), and DoTAC 

(dodecyltrimethylammonium chloride) , forms a bicontinuous 



A clear specimen of polymerized bicontinuous cubic 
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cubic phase near 80% surfactant in water at temperatures 

generally 40°C or higher (Balmbra, Clunie, and Goodman 1969; 

Maciejewski, Khan, and Lindman 1987). The particular 

structure of these cubic phases is predicted to be the Ia3d 

structure (space group #230), from x-ray experiments by 

Balmbra et al . This is the same space group that is found 

for the cubic phases in many biological lipid/water systems 

(such as monoolein/water ) , but in the case of CTAC and 

related surfactants the cubic phase is normal rather than 

reversed — that is, the two rod networks are filled with 

surfactant tails rather than water, and the water forms the 

continuous matrix which is bisected by the "gyroid" minimal 

surface. Thus the cubic phase is found between the normal 

hexagonal and the lamellar phases. This means that the 

appropriate component to polymerize is the aqueous 

component, and then removal of the surfactant creates two 

interwoven but disconnected macropore networks. 

It is important to distinguish this cubic phase 
from the other cubic phase in the same system at much lower 
surfactant concentration. This latter cubic phase occurs 
near 50% surfactant in the CTAC, CTAS , and DoTAC systems, 
and extends to lower temperatures. The space group is Pm3n, 
and at this time there is considerable debate in the 
community as to whether the structure is bicontinuous or 
not. The present applicant favors the model proposed by Fox, 
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Hansson and Fontell — which is not bicontinuous — because 
it is best in accord with the NMR self-diffusion and 
relaxation studies performed at the University of Lund in 
Sweden. 

The water component of the cubic phase at higher 
surfactant concentrations in the CTAC/water system was 
replaced by a 30 wt . % aqueous solution of acrylamide. The 
concentration of CTAC was 75.9% by weight. In addition to 
acrylamide, the crosslinking agent methylene-bis-acrylamide 
was added along with the water-soluble initiator 4 
4 1 -azobis- ( 4-cyanovaleric acid) (ACVA). The components were 
sealed in a glass tube and the tube centrifuged back and 
forth in order to mix the components. The sample was then 
put in an oven at 42 °C for two weeks to equilibrate. It is 
probably an important point that the atmosphere above the 
sample in the tube was air and not nitrogen, because the 
oxygen in the sample then acted to inhibit any 
polymerization of the acrylamide. After two weeks of 
equilibration, the test tube was broken open, and the air 
above the sample was replaced with nitrogen gas and the tube 
then sealed with a cork. This was then placed in a 
photochemical reactor with 3500 Angstrom lamps. The 
temperature was maintained at 40°C during the 
polymerization, which was carried out for 3 days. 
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At the end of this time the sample was clear with 



a slightly bluish tint. After the sample was removed from 
the test tube, it had become opaque white. However, when 
placed in water it became clear again, beginning at the 
outer surface and working in toward the center, so that 
after about two hours it was entirely clear. During this 
time it was obvious visually that the surfactant was being 
removed from the sample and replaced by water, one could see 
a stream of the surfactant coming from the sample and rising 
to the top of the water , in the same manner that the 
surfactant is observed to appear in pure water without 
mechanical mixing. 



clear with a slight bluish tint, isotropic through 
crossed-polarizers , with a gravimetric density slightly 
greater than water. All of these facts indicate a cubic 
macropore structure superimposed upon a 30% PAM hydrogel, 
although as in the DDAB case it is difficult to establish 
the cubic symmetry with x-ray due to the low electron 
density contrast. In terms of mechanical properties, the 
specimen is about 0.3 grams in weight and hangs together as 
a single contiguous piece, which is remarkable since it is 
only 7.2% polymer. The consistency is rubbery as in the DDAB 
case, and the shape is maintained even after the sample is 
gently deformed. 



The specimen at the end of this procedure was 
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Two other potential systems which could yield 



negative-charged porewells. 



Several additional cubic phases have been chosen 

for polymerization experiments, cubic phases which are based 

on anionic surfactants: sodium dodecyl sulphate (SDS) and 

sodium n-dodecanoate . Based on earlier work by Tabony, we 

have formed a cubic phase with composition: 20% SDS, 0.8% 

butanol, 42% water, and 37.2% styrene. Then with the 

surfactant sodium n-decanoate, Kilpatrick and Bogard (19 88) 

have shown that two cubic phases exist with this surfactant, 

one in the binary surfactant/water system above 67 °C, and 

one in the ternary surfactant/water/toluene (or decane) 

system at about 20% toluene, at 60°C. The former cubic phase 

is almost certainly bicontinuous since it lies between a 

hexagonal and a lamellar phase region. The latter cubic 

phase has not been fully characterized, although the water 

concentration and toluene content are very similar (50% and 

20% respectively ) to those in the bicontinuous DDAB cubic 

phase, thus suggesting bicontinuity . Furthermore, the fact 

that toluene can be incorporated into the latter cubic phase 

by raising the temperature to 60°C suggests that it can also 

be added to the former cubic phase by raising the 

temperature above 67 °C. In addition, isotropic signals 
2 

observed in H NMR experiments on the nearby lamellar phase 
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were interpreted by Kilpatrick and Bogard as possibly 
indicating a cubic phase at 67°C in the ternary system. With 
these facts in mind, and by taking advantage of the 
parameters listed above which allow for further control of 
phase behavior, evidence indicates that a bicontinuous cubic 
phase can be produced from sodium n-decanoate, or a related 
surfactant, and significant amounts of styrene, which 
behaves nearly identically to toluene. 



similar to SDS, or to sodium n-decanoate, but has a 
polymerizable group in the tail, preferably a methacrylate 
group. The styrene would then be polymerized together with 
the surfactant. This is a preferred method for two reasons: 
1) the electrostatic profile of the styrene molecule is such 
that it will not tend to penetrate into the head group 
region of the surfactant layer, so that the styrene/ 
methacrylate end group region should be a contiguous region 
rather than uninterrupted by the presence of hydrocarbon 
tails or surfactant polar groups, making for good 
polymerization conditions; and 2) the porewalls of the 
resulting polymerized phase will be anionic, thus reducing 
or eliminating any tendency for absorption of tear 
components to the surface. 



In particular, a surfactant can be used which is 
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Specifically, the aromatic ring of the styrene 
molecule can be roughly described as a "sandwich", with a 
middle layer of positive net charge surrounded by two layers 
of negative net charge. This provides for a very favorable 
styrene/head group interaction in the case of a cationic 
surfactant, in which the styrene molecule is sandwiched 
between two cationic groups. Thus, while the molecule will 
always tend to penetrate into the head group region of a 
cationic surfactant layer, this favorable interaction in the 
cationic case will not be available in the anionic 
surfactant layer. We have performed NMR experiments 
indicating that the styrene in the DDAB/styrene/water cubic 
phase is indeed located preferentially near the head group 
region, with SDS or sodium decanoate, the styrene should be 
located almost entirely in a separate layer starting near 
the end of the surfactant tails. If these surfactant tails 
contained a methacrylate group at their ends, this would 
create nearly ideal conditions for a polymerization which 
would polymerize both the styrene and the surfactant. 

Such a polymerization would then result in a 
macroporous material with water already in the pores, thus 
eliminating the need for the removal of unpolymerized 
components. We expect that, as in the case of the acrylamide 
polymerizations described herein, the absence of 
obstructions such as hydrocarbon tails in the component 
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undergoing polymerization will create a favorable medium for 
polymerization which will lead to clear polymeric materials. 
Furthermore, negatively charged porewalls are optimal in 
terms of reducing or eliminating absorption of proteinaceous 
material to the material. By using mixtures of 
polymerizable and normal surfactants, one could then control 
very precisely the charge on the porewalls so as to optimize 
it for the application. 



the resulting properties is advantageious not only for the 
applications newly disclosed in the present application but 
also for many of the embodiments disclosed in the 
applications which are incorporated herein by reference. 
This subject matter is considered a further aspect of the 
present invention. 



construction of this invention and in the embodiments of the 
process without departing from the material spirit of 
either. Therefore, it is not desired to confine the 
invention to the exact forms shown herein and described but 
it is desired to include all subject matter that properly 
comes within the scope claimed. 



The creation of controlled-charge porewalls with 



Clearly, minor changes may be made in the form and 
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The invention having been thus described, what is 
claimed as new and desired to secure by Letters Patent is: 
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FORTRAN Code) 



c Uses Hosemann surface-integral method 1 
c This is for 21x21 meshes!! 

c calculates form factor of a LFR of double diamond at 

c reciprocal space lattice vectors. Face centered 

c real space laitice used. Note that densities are 

c 1 -phi(in channels), -phi(in matrix), (and 0 outside LFR) 

parameter(nn=2) 

parameter(nnp=3) 

implicit double precision(a-h.p-z) 

dimension q(441).for(nn,nnp,nnp) 

2j'(3),amp(nn,nnp,nnp),hl(24,nn,nnp,nnp) 
3,h2(24,nn,nnp,nnp),h3(24,nn,nnp,nnp) 

dimension fv(3),x(441),y(441),z(441) 

pi=4.*atan(1.0) 

dd=.05 



opcn(unit=4,flle= , d3p8f) 
open(unit=9,file='fo3p8a') 
fv(l)=1.0 
fv(2)=.33698 
fv(3)=.3560112 
nbum=0 
do 999 nd=l,l 
vf=fv(nd) 
c vf=1.0 
vfm=1.0-vf 

read(4,4)(q(nm) t nm= 1 ,44 1) 

4 format(3e26.14) 
do 5 jj=l,nn 

do 3 kk=0,nn 
do 1 11=0 jin 
amp(jj,kk+l ,U+1)=0.0 
c Note that actual Miller indices of forfij.kk+l 
c are 2*jj,2*kk,2*ll, with fee unit cell 
1 continue 
3 continue 

5 continue 

do 20 n=l,21 

do 10m=l,21 

nns=21*(n-l)+m 

ww=q(nns) 

uu=(m-l)*dd 

w=(n-l)*dd 

x(nns)=.25*(uu-(uu+w)*ww)+.25 

y(nns)=.25*(-uu+(uu-w)*ww)+.25 

z(nns)=.25*(uu+(2.-uu-w)*ww)-.25 
c Probly need to change .5 to .25 here, 
c x(nns)=0.5*(uu+ww*(l.+vv-uu))-0.25 
c y(nns)=0.5*(uu+ww*(l.-uu-w))-0.25 
c z(nns)=0.5*(-uu+ww*(l.-w+uu))-0.25 
1 0 continue 
20 continue 

do 51 jkl=l,nn 

do 40jk2=0,jkl 

do 30 jk3=0jk2 

j(D=jkl 

j(2)=jk2 

j(3)=jk3 

do 31 n3=l,3 
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do29n2=l,2 l7 0 
mm l=2*n2-3+4*(2-n2)+n3 
ml=mml-3*(Cmml-l)/3) 
mm2=4*n2-6+4*(2-n2)+n3 
m2=mm2-3*C(mm2-l)/3) 

mm3=6*n2-9+4*(2-n2)+n3 
m3=mm3-3*((mm3-l)/3) 

C a m-u , L °°P° vcr 4 inversions. 
do!9jb=l,4 

if(jb.cq.4)go to 43 
if(jb.cq.3) go to 33 
if(jb.cq.2)go to 23 
xm=1.0 

ym=1.0 

zm=1.0 

go to 93 
23 xm=-1.0 

ym=-1.0 

zm=1.0 

go to 93 
33 xm=-1.0 

ym=1.0 

zm=-1.0 

go to 93 
43 xm=1.0 

ym=-1.0 

zm=-1.0 

93 numh=6*0b-l)+3*(n2.1)+n3 
hl(numhjXl)j(2)+lj(3) + i)M*pi*j( m i)* xm 

29 continue 
31 continue 

30 continue 
40 continue 
51 

continue 
do200nv=l,20 
do 100 nu=l,20 
iflag=l 

nl=2l*(nv-l)+nu 
nl=nl 

n2=nl+l 

n3=nl+22 

50 xl=x(nl) 

x2=x(n2) 

x3=x(n3) 

yi=y(ni) 

y2=y(n2) 

y3=y(n3) 

zl=z(nl) 

z2=z(n2) 

z3=z(n3) 

al=x3-x2 

a2=y3-y2 

a3=z3-z2 

bl=xl-x2 

b2=yl-y2 

b3=zl-z2 

rl=a2*b3-a3*b2 

r2=a3*bl-al*b3 

r3=al*b2-a2*bl 



Ill 



em=dsqn(rl *r l+r2*r2+r3*r3) 

enl=rl/cm 

en2=r2/em 

en3=r3/em 

do 73 kl=l,nn 

do 72 k2=0,kl 

do 71 k3=0,k2 

ksum=kl+k2+k3 

neven=ksum-2*(ksum/2) 

do 70 nf=l,24 

hhl=hl(nf,kl,k2+l,k3+l) 

hh2=h2(nf,kljc2+l,k3+l) 

hh3=h3(nf,kljc2+ljc3+l) 

a=x2*hhl+y2*hh2+z2*hh3 

b=al *hhl+a2*hh2+a3*hh3 

c=bl*hhl+b2*hh2+b3*hh3 

cps=cn 1 *hh 1 +en2*hh2+cn3*hh3 



if(abs(b).lL0.0000001)go to 105 
if(abs(b-c).lt.0.0000001)go to 109 
if(abs(c).lt.0.0000001)go to 101 
if(nevcn.eq.0)go to 81 

8 ° a / " 1 P^ 1 ^ +1 . k3+1 )=anipCkl t k2 + l,k3+l)-H ; m* 
2*((cos(a+b)-cos(a+c))/(b*( c -b)) 
3-(cos(a)-cos(a-K:))/(b*c)) 
go to 70 

8l -,^? ( i £l 'S + ^ k3+1)=an, P( kl ' k2+1 ^3+l)^m* 
2*(Csin(a+b)-sin(a+c))/(b*(c-b)) 
3-(sin(a)-sin(a+c))/(b*c)) 
go to 70 

101 if(neven.eq.0)go to 102 

amp(k 1 Jc2+ 1 ,k3+l )=amp(kl Jc2+ 1 ,k3+ 1 )+ 

2em*eps*((cos(a)-cos(a+b))/b**2-sin(a)/b) 
go to 70 

1 02 ampCk 1 f k2+ 1 Jc3+ 1 )=amp(k 1 ,k2+U3+ 1 )+ 

. 2em*eps*((sin(a)-sin(a+b))/b**2+cos(a)/b) 
go to 70 

105 if(abs(c).lt.0.0000001)go to 111 
if(neven.eq.0)go to 106 

amp(kl ,k2+l,k3+l )=ampCkl Jc2+1 ,k3+ 1 )+ 

2em»cps*((cos(a)-cos(a+c))/c**2-sin(a)/c) 
go to 70 

106 amp(kl,k2+14c3+l)=an:p(kl,k2+ljc3+l)+ 

2em*eps*((sin(a)-sin(a+c))/c**2+cos(a)/c) 
go to 70 

109 if(abs(c).lt.0.0000001)go to 111 
if(neven.eq.0)go to 110 

amp(k 1 Jt2+ 1 r k3+ 1 )=amp(k 1 Jc2+ 1 ,k3+ 1 )+ 

2em-eps*(sin(a+b)/b+(cos(a+b)-cos(a))/b**'>) 
go to 70 

1 1 0 amp(kl,k2+l ,k3+ 1 )=amp(kl ,k2+l ,k3+ 1 )+ 

2em*eps"(-cos(a+b)/b+(sin(a+b)-sin(a))/b**^) 
go to 70 

1 1 1 if(neven.eq.0)go to 113 

amp(kl Jc2+1 ,k3+ 1 )=amp(kl Jc2+1 ,k3+ 1 )- 
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2cm*cps*sin(a) 
go to 70 

1 13 amp(kl,k2+l,k3+l)=amp(kl,k2+l,k3+l)+ 
2cm*cps*cos(a) 

70 continue 

71 continue 

72 continue 

73 continue 
if(iflag.gU)go to 100 
iflag=2 

nl=nl+22 
n2=nl+21 
n3=nl 
go to 50 
100 continue 
200 continue 
c print *, nbum 
do994jjl=l,nn 
do993jj2=0jjl 
do 992 jj3=0jj2 

h^^.*pi* p i*float(jjl*jjl4jj2*jj7+n3*ii3) 
am=.5*amp(ij 1 Jj2+1 Jj3+l)/hsq 
write(9,9)iiljj2jj3,ain 
9 format(3i5,2e20.8) 

992 continue 

993 continue 

994 continue 
999 continue 

write(9,176)nbum 
. 176 fonnat(il2) 
end 
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Appendix B - (Total Free Energy Program - FORTRAN Code) 

c This program computes, from the form factor 

c of a Double-diamond surface, the total free 

c energy for the double-diamond, lamellar, 

c and cylindrical morphologies. 

c 

implicit double precision ( a-h , o-z ) 

double precision MMBSJl 

dimension al ( 2 ) , ef ( 2 ) ,d ( 2 ) 

external MMBSJl 

open (unit=4 ,f ile=' f orless 1 ) 

pi=4.*atan(1.0) 

th=l./3. 

con=12 . **th 

print *, 'enter (real) NO, and arm# 1 
read *, enO,arm 
do 100 mp=l,4 
nmax=1769 

print *, 'enter f and area' 

read *, f,area 

en=en0 

ff=f *(l.-f ) 

al(l)=f 

al(2)=l.-f 

sf=l.-.5*(arm-l. ) *al ( 2 ) + . 5*f f *(arm-3. ) 
sum=0 . 0 

do 9 0 nd=l,nmax 
read(4,4)j,k,l,for 
4 format(3i5,e20.8) 
np=2 
nq=2 
nr=6 

if (k.eq. 0 )np=l 

if ( 1 . eq. 0 )nq=l 

if ( j .eq.k)nr=3 

if (k.eq.l)nr=3 

if ( j . eq. 1 ) nr=l 

mult=2*np*nq*nr 

qs=4. *pi*pi*f loat( j*j+k*k+l*l) 

x0=en0*qs/2 . 

do 5 mm=l , 2 

u=al (mm) *x0 

d ( mm ) =al ( mm ) *al ( mm ) * ( 2 . /u** 2 ) * 
2 ( u+exp( -u ) -1 . ) 
ef (mm)=(l.-exp(-u) )*al(mm)/u 
5 continue 
ep=exp(-al(l)*xO) 

gq= ( d ( 1 > +d ( 2 ) + ( arm-1 . ) * ( ef ( 1 ) *ef ( 1 ) + 
2ef ( 2 ) *ef ( 2 ) *ep*ep > +2 . *ef ( 1 ) *ef ( 2 ) * ( 1 . + 
3(arm-l. )*ep) )/ 

4(en0*en0*(d(l)*d(2)+(arm-l. ) * (d ( 2 ) *ef ( 1 ) 

5 *ef ( 1 ) +d ( 1 ) *ef ( 2 ) *ef ( 2 ) *ep*ep ) - ( ef ( 1 ) *ef ( 2 ) ) 

6**2* (1. +2.* (arm-1. )*ep) ) ) 

f ac=gq*en*en*en*f f *f f /3 . -en*en*qs *f f /12 . 
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2-en*sf/6. 

sum=sum+mult*f or*f or*f ac 
90 continue 

encub= C 16 . *sum) **th*con*area** ( 2 . *th ) /f 
print *, 'Energy for double-diamond = Q* : ' 
print * r encub 

c 

c Now do lamellar phase 
c 

mmax=1769 
sum=0 . 0 

do 95 nd=l ,mmax 
c Enter form factor here***. 

for=sin(pi*nd*f )/(pi*nd) 
c Note that wave vector is 2*pi/D *(nd,0,0) 

qs=4 .*pi*pi*float(nd*nd) 

x0=enO*qs/2 . 

do 6 mm=l,2 

u=al (mm) *x0 

d(mm)=al(mm)*al(mm)*(2./u**2)* 
2(u+exp(-u)-l. ) 
ef (mm)=(l.-exp(-u) )*al(mm)/u 
6 continue 
ep=exp ( -al ( 1 ) *x0 ) 

gq= ( d ( 1 ) +d ( 2 ) + ( arm-1 . ) * ( ef ( 1 ) *ef ( 1 > + 
2ef ( 2 ) *ef ( 2 ) *ep*ep ) +2 . *ef ( 1 ) *ef ( 2 ) * ( 1 . + 
3 (arm-1. )*ep) )/ 

4(enO*enO*(d(l)*d(2)+(arra-l. )*(d(2)*ef (1) 
5*ef ( 1 ) +d ( 1 ) *ef ( 2 ) *ef ( 2 ) *ep*ep ) - ( ef ( 1 ) *ef ( 2 ) ) 
6**2* (1. +2.* (arm-1. )*ep) ) ) 
f ac=gq*en*en*en*f f *f f /3.-en*en*qs*f f /12 . 
2-en*sf/6. 
sum=sum+f or * f or *f ac 
95 continue 
sum=sum*24 . 
enlam=sum**th/f 
print *, »*' 

print *, 'Lamellar energy = Q* : ' 

print *, enlam 
c Now compute total energy 
c for cylindrical phase 

sr3=sqrt(3. ) 

rad=sqrt(2.*f/(pi*sr3) ) 

nmax=64 

sum=0 . 0 

do 89 ne=l f nmax 
do 80 nd=0,ne 
ns=2 
nb=2 

if ( ne . eq . ns ) nb=l 
if (nd.eq.0)ns=l 
amult=f loat ( 2*ns*nb) 
c Enter form factor here***. 

argg=rad*2 . *pi *sqrt (float ( nd*nd+nd*ne+ne*ne) ) 
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bes=MMBS Jl ( argg , ier ) 
for=f *bes/argg 
c Note that wave vector is 2*pi*(nd,ne,0) 



qs=argg*argg/rad**2 
x0=en0*qs/2. 
do 15 mm=l , 2 
u=al(mm)*xO 

d(mm)=al(mm) *al (mm) * ( 2 . /u**2 ) * 
2(u+exp(-u)-l- ) 
ef ( mm ) = ( 1 . -exp ( -u ) ) *al ( mm ) /u 
15 continue 

ep=exp(-al(l)*xO) 

gq= ( d ( 1 ) +d ( 2 ) + ( arm-1 . ) * ( ef ( 1 ) *ef ( 1 ) + 
2ef ( 2 ) *ef ( 2 ) *ep*ep ) +2 . *ef ( 1 ) *ef ( 2 ) * ( 1 . + 
3 (arm-1. ) *ep) )/ 

4(en0*en0*(d(l)*d(2)+( arm-1 . > * ( d ( 2 ) *ef ( 1 ) 
5*ef ( 1 ) +d ( 1 ) *ef ( 2 ) *ef ( 2 ) *ep*ep) -( ef ( 1 ) *ef ( 2 ) ) 
6**2* (1. +2. *( arm-1. )*ep) ) ) 
fac=gq*en*en*en*ff *f f/3 .-en*en*qs*ff /12 . 
2-en*sf/6 . 

sum=sum+f or *f or*f ac*amult 
80 continue 
89 continue 

sum=sum*24 . 

encyl=(3.*sum/(f*rad*rad) )**th 
print *, '*' 

print *, 'Cylindrical energy = Q* : * 
print *, encyl 
print *, '*' 
100 continue 
end 



c 
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Polymerization of Lyotropic Liquid Crystals 
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The polymerization of one or more components of a lyotropic liquid 
crystal in such a way as to preserve and fixate the microstmcture has 
recendy been successfully performed, opening up new avenues for the 
study and technological application of these periodic microstructures. 
Of particular importance are so-called biconrinuous cubic phases, having 
triply-periodic microstructures in which aqueous and hydrocarbon 
components are simultaneously continuous. It is shown that the 
polymerization of one of these components, followed by removal of the 
liquid components, leads to the first microporous polymeric material 
exhibiting a continuous, triply-periodic porespace with monodisperse, 
nanometer-sized pores. 



This chapter focuses on the fixation of lyotropic liquid crystalline phases by the 
polymerization of one (or more) component(s) following equilibration of the phase 
The primary emphasis will be on the polymerization of bicontinuous cubic phases a 
particular class of liquid crystals which exhibit simultaneous continuity of hydrophiiic 
- usually aqueous -- and hydrophobic -- typically hydrocarbon - components, a 
PPP^ known as 'bicontinuity' (1), together with cubic crvstallographic symmetry 
(2). The potential technological impact of such a process lies in the fact that after 
polymerization of one component to form a continuous polvmeric matrix, removal of 
the other component creates a microporous material with a highly-branched 
monodisperse, triply-periodic porespace (3). 

While there have been efforts to polymerize other surfactant mesophases and 
metastable phases, bicontinuous cubic phases have only very recendy been the subject 
of polymerization work. Through the use of polymerizable surfactants, and aqueous 
monomers, in particular acrylamide, polymerization reactions have been performed in 
vesicles surfactant foams (9), inverted micellar solutions QO), hexagonal phase 
liquid crystals (IT), and bicontinuous microemulsions (12). In the latter two cases 
rearrangement of the imcrostructure occured during polymerization, which in the case 
of bicontinuous microemulsions seems inevitable because microemulsions are of low 
viscosity and continually rearranging on the timescale of microseconds due to thermal 
disruption (13). In contrast, bicontinuous cubic phases are extremely viscous in 
general, and although the components display self-diffusion rates comparable to those 
in bulk, their diffusion nevertheless conforms to the periodic microstructure which is 
rearranging only very slowly. In fact, recently cubic phases have been prepared 
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IZ5 



^^L^^^l^J^' *» *. author laboratorv 
polymerized without & of Shfc S^feS? 2"? « ™"neiy 

high viscosity and high deeree of^n^E P l T" e fact mat, in spite of the 

recently been the foeffof ? ^S^^S mtU,U 2 S CUblC P^sw have oSv 
most notably: a) cubic phaL SS?bTd3SS InV 1* ^ t0 SeveraJ cau *« 
over quite narrow concentration ran*e7 » S ris^SE 31 ^J** dually exist 
bicontinuous cubic phase microstrSSs pose dX^™!! ^ unde ™™&*S of the 
the focus of research on cubic phase! has terTr^ ' mathematlc al problems; and c) 
biological lipid/ water systems whereasSJ Syslems - in Particular on 
straightforward polym^^T^*^ ™ te P h «* fr ™ ^e standpoint of 
hydrophobic monomer systems Cxpenmems are ternary surfactant / water / 

di^iss $rss& fa ^»^™ liposomes ^ a 

mzcrostructures. In pofynuric S^m^S^ S^ JS^ P ° lyn } eric surfactant 
before the preparation of the phase " whSS^hl ? P ol y™«»tion is carried out 
microstrucrure is formed fir7t?£d ten the doI^T pol y merized »«ns that the 
aim of fixating the microWi^SX^^^ 16 ^ perf ° nned ^ 
this chapter deals mainly with polymeriSd Si^JSf menC com P onei "s. Although 
are discussed in a separate sectiL a'X en d miCTOStructures - Polymeric cubic phases 

those ISSS'STsS a" rnoTe IT^T^^ ^ S « in -ded for 
involved, including the : eeSSSiS « understanding of the microstructures 
self-assembly into ^J^ft^^^" the behind the 

reader. nese sections may be omitted by the more casual 

The Biconrinno us Pnh,V Ph.-.. M-uhrrmi ical PHnrip i,. 

follows. Since 1 976 m " t has bJln t „n nece K ssai ^ for f "" appreciation of what 
bicontinuous cubic pha^™ u ^ « unri, , h^" ? compleIe understanding o 
particular, of a clasfo maThematic^ su^S??^ of Differcn "al Geometry and in 
(often referred to as IPMS forTnSe J kn ° W " as pcriodic minimal surfaces 

and of chT; 1_ 2 " U ^ ° f PCli0diC minimal Surface s of cubic symmeirv 
Sc^^ *« understanding of bico" ' 

surfaces. There has b^S^^^^ 3 ^introduction to these 
complicated surfaces and even of S toto^SS 5 Ierature over these 

microstructures, but in the last few V eSS«S S '"J 116 fldd of surfactant 

The First source of coSS waTthe facr \h?r ™ ""^bly clarified, 
minima in surface area under Plateau (or h ^T? SUrfaces re P resen < local 
importance of this pn^^Tspat^K^ COnditions - The 

limited, however, because the surface area of th S ".T^ 6 con sidered to be 
between the hydrophilic and th hydrophobic ^JK?,^* SUrfaCe " ^ 
simply by the product of the number S S/ ' microstucture - is given 
per surfactant which is strongly fixe lb T^rl^ timeS the ave rage area 
between surfactant molecules Therefore totaJSSi ^ctrostatic interactions 
minimum but rather an optimum vahTe Sfiih £ d ° CS not in S eneral seek a 

electrostatic repulsion ff™°«^^2^ not tenc L 10 ZCF ° because of ^e 
boundary conditions that lead to«SSto5TSrf£« E°n£f Funheimore . ^e fixed 
condmons which result upon «fSW^ 
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^^ dr0p i 0biC rn ° ieries in unit c ell. Minimization of area under such constraints 
leads to surfaces of constant mean curvature - or 'H-surfaces' - which cS poSess 
significantly lower interfacial areas than the corresponding minimal surfaces of the 
same symmetry and topological type Q6). surraces or me 

The traditional microstructures - spheres, cylinders, and lameUae - all have 

?o 0 b^l m f Can h CUrVa?Ure diva S g S f faCeS ' as * scussed Wow. me same aopeis 
to be true for bicontmuous cubic phases. However at the same volume fraction the 

™«TZ C T£ ttmg nac ? stt V cl,m ? ^ ve rise t0 different ^"es of the mean curvature 
?h*r that 15 fmnIv ^^ed ^ the study of surfactant rmcrostrucmreTis 

that the structure which is most favorable under given conditions is that which satisfies 
most closely the 'preferred' or 'spontaneous' mean curvature Q7). The SotSSSS 
mean curvature is determined by the balance of forces - stericTelectrosTatic etc - 
SSl n 6 Surfa " an . t head and ^tween the surfactant tails, and 'thus is 

sensitive to, e.g salinity, oil penetration, etc. In the liquid crystals of interest here 
the surfactant-nch film is tending toward a homogeneous state Vn whkh each 
surfactant molecule sees the same local environment, regardless of whSTon the 
monolayer it is located and, if this monolayer is one-half of a bilayer.Tegariless of 

a ,v± SI ^° f f blkyer U ? ° n " (In cenain biol °S lcal svsle ms there s 
asymmetry with respect to the two sides of the bilayer, which is of great imponanc"- 
however, we are dealing for the moment with the symmetric bilaver) Thus^ch 
mean'c^rvamrf 1 ^" ™ St homo S eneous state wh ^h implies a constant 

rhP ™Jrl C ° n ? T rCe u f conf i sio . n , thai sull persists to some extent in the literature is 
the matter of where the interfacial surface is to be drawn. For those cubic phase 

^ SCU T d b -l l0W u in W K ch a bilaver is **P* over * njinimal surface* th is 
minimal surface describes the rmdplane (or better, 'midsurface') of the bilayer and not 

^ ^^ Ct , WeCn P ° lar & l d ap °i ar rCgions; that is ' " Ascribes the location of Ihl 
terminal methyl groups on the surfactant tails, not the dividing point between the 
hydrophihe head group and the hydrophobic (usually hydrocarbon) tail. The actual 
polar /apolar dividing surface is displaced from the minimal surface by the length of 

he hydrophobic tail on both sides of the minimal surface. While it can be areued as 
to exacdy where in the bilayer profile these two polar / apolar dividing surfaces~should 
be drawn, it is clear than any sensible convention should place them near the first 
methyl group in the tail and not at the terminal methyl at the tail end. Thus bilaver 
cubic phases should not be referred to as having a zero mean curvature interface ' 

Recently, application of geometry and differential geometry to this problem has 
treated these matters quantitatively. For the case of a cubic phase whose local 
structure is that of a bilayer, then it has been shown Q8) that the requirement of 
symmetry with respect to the two sides of the bilayer, and therefore of the two 
aqueous networks lying on the two sides of the surface, leads directly to minimal 
surfaces as midplane surfaces, and through a construction involving projections of 
surfaces in four-dimensional space leads to the minimal surfaces which describe the 
known bilayer cubic phases. Concerning the shape of the polar / apolar interface in 
such structures, the mean curvature cannot be identically zero, and here two cases 
must be distinguished In normal cubic phases, which usually lie between lamellar 
and normal hexagonal phases, the mean curvature of the interface is on the average 
toward the hydrophobic regions, and these regions are well-described by 
interconnected cylinders. The axes of these cylinders are the edges of the two eraohs 
(referred to as skeletal graphs' in reference (19); see also Fi 2ure i below) that thread 
trie two hydrophobic subspaces. These cylinders satisfy both'constant mean curvature 
at the interface and a constant stretch distance for the surfactant tails (except at the 
junctions of the cylinders). However, in the inverted cubic phases, usually Ivin- 
between lamellar and inverted hexagonal phases, the constant mean curvature' and 
constant distance surfaces do not coincide. This situation has been referred to as 
frustration (18). Recently, the constant mean curvature configurations have b~n 
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computed (16) , and shown to have rather mild variations in the stretch distance (20), 
which is measured from the minimal surface to the corresponding point on the 
constant mean curvature surface. 

The Biconrinuous Cubic Phase Microsrructures . 

We have seen that the balance of forces on the hydrophilic and hydrophobic sides of 
the surfactant-rich film in a biconrinuous cubic phase determines a 'preferred' or 
'spontaneous' mean curvature of the film, measured at the imaginary 
hydrophilic/hydrophobic dividing surface, so that the optimal shape of this dividing 
surface is tending toward a homogeneous state of constant mean curvature. In the 
case where the basic building block of the cubic phase is a surfactant bilayer -- the 
usual case in binary lipid - water systems — there is in addition another imaginary 
surface that describes the midplane (or midsurface) of the bilayer, and this surface 
must be a minimal surface by symmetry considerations. In this section we discuss 
each of the known biconrinuous cubic phase microstrucrures, with the aid of computer 
graphics that will demonstrate these principles in a visual way. 

A representative bilaver structure . An example of a constant mean curvature surface is 
shown in Figure la, together with two skeletal graphs. The surface shown has 
diamond cubic symmetry, space group #216. One must imagine an identical copy of 
the surface shown as being displaced so as to surround the other skeletal graph, 
leading to double-diamond symmetry, space group Pn3m, #224. One form of 
inverted cubic phase has this Pn3m symmetry with water located in the two networks 
lying 'inside' the two surfaces, and the surfactant hydrocarbon tails in the 'matrix' 
between these two networks, with the two surfaces themselves describing the location 
of the surfactant head groups, or more precisely, the polar / apolar interface. A 
triply-periodic minimal surface, known as Schwarz's Diamond (or D) minimal surface 
(21) . shown in Figure lb, can then be imagined as bisecting the hydrocarbon region. 
Calculations show that the standard deviation of the stretch distance, from each point 
on the polar / apolar dividing surface to the minimal surface, is only about 7% of the 
average distance (20). In the actual cubic phase, the constancy of the mean curvature 
of the interface might be compromised somewhat in order to achieve even more 
uniformity in the stretch distance. This would not, however, affect the average value 
of the mean curvature (22), which is significantly toward the water. 

If, on the other hand, the double-diamond symmetry were found in a normal 
cubic phase, with mean curvature on the average toward the hydrocarbon regions, 
then one would expect to find that the polar / apolar interfacial surface shown in Figure 
la would look instead like interconnected cylindrical rods, because the necks and 
bulges in Figure la would not correspond to water channels but rather to channels 
occupied by surfactant tails with a preferred stretch distance. Thus far, such a normal 
cubic phase has not been observed with this symmetry, but has with another 
symmetry discussed below (#230), and the principles are exactly the same. 

It has recently been established (see below) that upon the addition of a protein, 
for example to such a structure, a variant of the structure can form in which one of the 
two water networks is replaced (at least in part) by inverted micelles containing 
hydrated protein. This changes the space group of the structure, for example #224 
changes to #217. 

A monolayer structure . The author has proposed another structure of quite a different 
nature for a cubic phase occuring in ternary systems involving quaternary ammonium 
surfactants Q6), and this cubic phase is the focus of much of the polymenzanon work 
that has been performed. The surfactant didodecyldimethylammomum bromide 
(DDAB) together with water and a variety of oils, forms a cubic phase whose location 
s shown in Figure 2 for the case of hexene. Thus the cubic phase exists over a wide 
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bilayer, also known as the 'double-diamond' structure, well-established in the glycerol 
monooleate (GMO or monoolein) / water system (26), described in detail above; the 
double-diamond structure is also found in block copolymers (27, 28) (see the final 
section). 

#227, obtained from #224 by replacing one of the water labyrinths with inverted 
micelles; observed when oleic acid is added to monoolein / water at acidic pH (29) . 
#229, the space group of two distinct structures: 

a) the bilayer structure with the Schwarz Primitive niinimal surface describing the 
midplane of a bilayer, this minimal surface has six 'arms' protruding through the faces 
of each cube; this structure has been more difficult to establish unambiguously, but 
appears to occur in monoolein / water systems and with added cytochrome (29).'and 
in sodium dodecyl sulphate / water (30); 

b) the I-WP monolayer cubic phase described in detail above. 

#230, with Schoen's 'gyroid' minimal surface (_19) describing the midplane of a 
bilayer (3D; the two water networks in this structure are enantiomorphic, and 
characterized by screw symmetries rather than reflectional or rotational; this appears to 
be the most common cubic structure, at least in lipids; the normal form of this structure 
also exists, in which the two enantiomorphic networks are filled with surfactant, and 
the minimal surface is the midplane of an aqueous network; this normal form occurs in 
some simple soaps (32). 

#212, obtained from #230 by replacing one of the water labyrinths with inverted 
micelles; this is the only known cubic phase with a non-centrosymmetric space group; 
found in the monoolein / water / cytochrome-c system (29), and also by the author at 
the same composition but with monolinolein replacing monoolein (see below). 

It is interesting to note that, in contrast to the number of bicontinuous cubic phase 
structures which apparently exist, only one cubic phase structure is now recognized 
that is not bicontinuous. Furthermore, this structure does not consist of FCC 
close-packed micelles, but rather a complicated packing of nonspherical micelles (33) . 

Preparation and characterization of polymerized cubic phases . 

The first bicontinuous cubic phases to be polymerized (3) were the ternary DDAB / 
water / hydrophobic monomer phases described above, which were interpreted as 
having the 'I-WP' structure. This surfactant was chosen primarily because it was 
previously known to form bicontinuous phases - cubic phases and microemulsions - 
wiih many oils or oil-like compounds, including hexane through tetradecane (34), 
alkenes (25), cyclohexane (35), brominated alkanes (present author, unpublished), 
and mixtures of alkanes (35). The location of the cubic phase region in these various 
systems is rather independent of the choice of hydrophobe, which suggests that the 
hydrophobe is largely confined to (continuous) hydrophobic channels, having little 
direct effect on the interactions in the head group region. This makes it an ideal 
system for investigating polymerization by substituting a hydrophobic monomer. 

The composition chosen for the initial experiments was 55.0% DDAB, 35.0% 
water, and 10.0% methylmethacrylate (MMA), which had been purified by vacuum 
distillation and to which had been added 0.004 mg/ml of the initiator 
azobisisobutyronitrile (AIBN). Upon stirring the solution became highly viscous and 
showed optical isotropy through crossed polarizers, two signs characteristic of the 
cubic phase (an early name for the cubic phase was in fact the 'viscous isotropic 
phase'). With other oils such as decane, this composition yields a bicontinuous cubic 
phase, as indicated by SAXS (16. 36) and NMR self-diffusion (36). After 
equilibrating for one week at 23°C, two samples were prepared for polymerization. 
The first sample was prepared for SAXS; the phase was smeared onto the end of the 
plunger of a large syringe, and pushed through an 18 gauge needle into a 1.5 mm i.d. 
X-ray capiDary. The second sample was loaded into a quartz, water-jacketed reaction 
cell, and nitrogen gas was continually pumped over the sample. 
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fonr ni P n-5 r ?l and ^ ^ V** plaCed ' m a P hot °chemical reactor having 
four 340 nm UV lamps, for 36 hours of exposure. At the end of this time the samples 
were opaque white in appearance. The second sample could be rendered clear by the 
use of a rcfracnve-mdex matching fluid. To do this, first a large amount of ethanol 
was used to remove the DDAB, water, and monomelic MMA. Then the sample was 
dried m a vacuum oven to yield a solid but highly porous material. Butyl benzene 
^ a refractive index (n=1.4898 at 20°C) very close to that of PMMA (1.4893 
at 23 C) was imbibed into the porous material, thereby rendering it clear. Upon 
drying off the butyl benzene, the material once again turned opaque This is 
apparently a result of microcrystaUites whose sizes are on the order of the wavelength 
of light; at this low volume fraction of monomer (10.0%), it is easy to imagine that the 
homogeneity of the polymerized PMMA could be disturbed at the microcrystallite 
boundaries. Below a system is discussed that yields clear materials 
q^.iPa P° 1 >™ e £ 2ed sam P le m Ae capillary was examined with the modified Kratky 
Small- Angle X-Ray camera at the University of Minnesota. Due to beam-time 

limitations (five hours, at 1000 Wans of Cu K a radiation), the statistics in the data are 

^ij 3 ? 01 ^ 17 S° oc S but 5) clearly long-range order is indicated by the 

presence of Bragg peaks, which are indexed to a BCC lattice in Figure 5, the lattice 
parameter being 118 A. The maintenence of cubic crystallographic order through 
polymerization has also been confirmed recently in K. Fontell's laboratory The 
capillary used in the Kratky camera was broken open and the components placed in 
ethanol and the insoluble PMMA removed and weighed to confirm polymerization 

The standard method for visualization of microporous polymeric materials is to 
dry the sample with supercritical drying, which dries the pores without exposing them 
to the disrupnve surface tension forces associated with normal evaporation However 
due in part to equipment problems, and in part to the small scale of the pores this has 
not yet been performed on a polymerized cubic phase. Transmission electron 
microscopy has, however, been performed on an air-dried sample. The second 
sample above was ultramicrotomed at room temperature, and examined in a Jeol 100 
LX electron microscope operating at 100KV in TEM mode. Not only the dryina 
process but also, of course, the microtoming procedure have strong disruptive effects 
on this highly-porous material. Nevertheless, the resulting micrograph (Figure 6a- 
magnification l,000,000x) indicates regions of periodic order, and in fact the entire 
held of view m the micrograph gives indications of being a (disrupted) single 
microcrystallite. An optical transform of the negative also substantiated the cubic 
symmetry. Figure 6b is a simulation of the micrograph using the 'I-WP' model 
structure; a (111) projection of the model structure was calculated by computer, by 
sending rays through the model and calculating the portion of each ray that lies in 
void, and in polymer. 

Incorporati on of Proteins into the Polymerized Structures . 

Experiments are now being performed in which proteins, and in particular enzymes 
are incorporated into biconrinuous cubic phases and the resulting reaction medium 
permanented by polymerization. It is well established that the activity and stability of 
enzymes are generally optimal when the environment of the enzyme is closest to the 
natural in vivo environment, and the lipid bilayer that makes up biconrinuous cubic 
phases is the normal environment of functioning integral proteins. Polymerization of 
this continuous bilayer, one example of which is described below, creates by virtue of 
the bicontinuity a solid, microporous material that allows continuous flow of reactants 
and products. Furthermore the environment of the protein is precisely controlled 
stencally and electrostatically, as well as chemically. Control of the geometry of the 
porespace could be utilized to bias the registry between the enzyme and substrate 
toward the optimal orientation and proximity, in addition to Dtividing further control of 
the chemistry by selection on the basis of molecular size. The electrostatic nature of 



WO 90/07575 

PCT/US89/05864 



lit 



exrracoiporeal circuit applicants ^ponance in controlled-reatease and 



ImmobiliV arion of pln .-r.o ovisac -n,- „ 

"^^^ was incorporated 

section, and this aqueous phase doIv^ 

acrylannde. Except for a 0f Homeric 

o^dase, the result was an opnyi^cleaTooWriSH he ^"S^ored glucose 
enzyme in the aqueous phase was l^^T^ ^T ^ ™ C con «n^tion of 
wt%, and hydrogen peroxide as initiator wTs' vrL^l^ "ncenrrauon was 15.4 
This aqueous solution was mix^n in Ti l P r «ent at 0.3 w/w% 0 f the monomer 
10.93 wt% decane, ^toffic^^^™ 24 -3 w«* DDAB^d 
oxygen. This water content 64 8% ™7?h?S u 0n 5 hou J t0 remove anv remainino 
Phase as a function of wi» SrS M S ^ ««^ cSSc 

unpublished). Abcw about 63 vS^ShS4 yStemS ^ also K " Fonte ». 
with other decane ordecanol, «d aS^Sr^^ " Aan 175A 
^SK^ ,arg %T Ugh '~ * < e m n 2 y e me ShOWn " **» 4c thc 

nylon backing which had been shaped to fk m thr ™/£ W f Smeared onto a 
were bathed in nitrogen during UV irradianon rZ r " pH pn>be - Both sam P'« 
thick and after polymerization Twas wSlrKc^f ^ ? arn P le was ab ™ 1-5 mm 
this was loaded into a flat SAXS ce H $ ° hd J which could be handled easily- 
peaks to a BCC latn° e £dL a ^a JST^Sr^Sffi ^ eXing ° f the result ^ 
sample was soaked for one day in 3SSSSLSS?i; S e S = C ° nd Polymerized 
secured over the tip of a dH orobT wi SJ * e DDAB 311(1 dec ane, and then 
Nilsson et al. (37) £ hU^n^^ri^InT 6 7* ^° Wn * the ™thod of 
example was intended onlv fa demoS on of « l?*™™* Cubic P has ^- This 
b^sensors.andisnotpanicularlyimpreS^ application, namely in 

gel has enough porosity to pass eS^N^^^ 0 ^ 3 Slmple P oJ >'acrylamide 
to be detected are of higher rSreKriS^ ? 8, ,n ma " y Cases the substrates 
by the cubic phase micfosm^re can b SSrS ?h?? ^ P ° reSpaCe Created 
next example the porosity is due solely to the^cu^ic phase m^'ostructure^^^' * lhc 

a^oTTs^^ At the time of this report the 

an uncharged, biocompatible lipid fthe B fnrm ; f ^ ■ m °n°olein, ^ 

fatty acid chain containing a siSSe doubl/S 2 ^ mushrooms ). with one 
conjugated diene in the ch°ain iTm^oT^L £ Vanant , of mon °^n with a 
diagram is known to be nearly iffiS 5° mono lnolei * - water phase 
discussed above, the #212 cubic ^^trSSrehL L^f " W3Cer W As 
water / cytochromes system, and S j>r^ a lharhL f ^t™ the mo ™olein / 
6.7 wt% cytochrome, 14.87 0 water Md 78 a " thor , haS 1 found the sa ™ structure at 
contains 0.4% AIBN. After SS2, i 2^°"' where :he ™nolinolein 
Photochemical reactor in^SSS'cS^ fhT WaS plaCed In the 
aTdTa^d^ 
P^.PreseLyw^re^ 



WO 90/07575 




PCT/US89/05864 



HA 

Potential tcrhnolntrirai applications 



membranes. The «, fapc»n M o th^ " ^ 1"" atIa ;V aW ' polymeric 
for each an application is briefly dSffiK E 5" USSed in ^ 
property in a technological, research, ^SSl? SSriS^ lmPOnanCC ° f ^ 

molecular weights of the compoS over ^ ^™ J^T?-* com P°si^n and 
: 250A pore diameter and potentiSy intoTht T£? S& wluc S, eludes that from to 10 
including that from Mbuffi^ffiSj SfSXST ? U „ hapeS ^erarange 
dimeter ratios which cover a ranged Sdudin^h^ ' ? d °? "«>- P<« 

which cover a range including thatfr^l to % Lti ° m 1 0 5 ' *»* connectivities 
u Application: Qearly one imcS 

the effectiveness is critically d5S?2?S 0n ° f ™ CTO P°rous materials in which 
sieving of proteins. In ord£ S^rS^^T^ ° f ^ P ° rCS is 1116 
for proteins on the basis of size rhr membrane have high selectivity 

of 25 - 200A, which is T an oXrWf * ™? *» * «H 1* on the order 

dimensions of typical inicropW S ^^^"¥ rf -^ te * u the smaI1 «t pore 
the field of microporous maferiaTs SSi^fSS 10 thlS ' ° n£ ^ » 

distribute, enabling isloadon of proSlTl It*™??™ possible P ore size 
Unless, as in the present material Spores m al S ? f ° r CXam P Ie - 

then in any attempt to separate moleculef o 7 denn L cal m size and shape, 
effectiveness will be reduced whrnS 5 particles on the basis of size, the 
smaller than the ^SL^SSSfySSS SaSfi* by P °'« 

the filtrate pass through more voluminous pore? AnSr^ pamcles not desired in 
proteins by molecular weight Te ° of P nrL. PP a "° ns in whic h separation of 
immunoadsorption process? hemodialysis S„2r P orential importance are 
microencapsulation of functionil^S^cS' P unflcatl °" of proteins, and 

No ^^SS^SSSti££^ W-Perioxc cellular structure, 
composition wuh pore dimensiSns TiS th^S * pn0r micro P orou s material of any 
perfection and uniformity g W ^ 2 nanom eters, has exhibited this level of 

ln r oived wkh of 

tnply-periodic order. In the uSSSJtf ffiS b^sSh^S? 11 ? lon g W 
University, a group lead by Dr JohnE » Re£™ h«n ^ StaK Physics at CorneI1 
behavior 0 f liquid %e in L^^^ y Q ^ fe, "vesngaring the critical 
have predicted that the critical exponents fh^lrB^' ^"^cal treatments 

are different for disordered trS fo the flu £ " SUperfluid ffansiti °n 
described in the paper now bS? wbnSS? for P °^ US media " Thc experiments 
disordered media" V, aeS^d xS^ ^ Were P erforrae d using 
Parauel setof experiments ^^SSSr 

separated by a continuous ^^n e Sdiv^ S^ C ^f' , ^ r "^ c * labyrinths, 
performing enzymatic, ca^S^toSS? h^' thuS °P enin g U P *e possibility of 
microporous polymeric materials ZFth rZT reactions in controlled, ultrafincly 
P^ucts by their^visSoS 

for reaction on the order of l^sou^tl ° S ^ T SpedflC SUrface 

of readily con.ollable porewall sStS^SL^J^^^^^^ 



W ° 90/07575 - PCT/US89/05864 



uses c5£fpt^ in which Nature 

Electron micrographs of wSSESilSM otS?/" e * aci] y this P«Pose. 
biconanuous cubic phase micronniS^ etl0p li sts have "waled 

have been shown to form cubic phase? " S i n C * tracts 6001 etioplasts 
into the thylakoid membrane of Kiieri fl? P roIame ^ body developed 
structure with the stroma side acting a f carL£ * ^i"*"" 1 3 con ^«ous bilayer 
anode. Tien (42) states that the chloronhvii^ lntr athylakoid side as an 

^conductor, in that the abso^tio ^uMt^" ^ hpid 
band ^ Ie a hole ^ ™JJ8h^excii« an ^ electron to the conduction 

separanon of the aqueous phase into two distinct m &l leasc ™° rcas °ns why the 
photosynthesis: first, as well ^^^^^^^^^^omm^zlv^ 
f^^^^ytTw^nK})^^^^^^^ environment for the 
two systems of accessory pigment T located Mn reacaons: md second ' w "h the 

electronThole pair can be" generate? by two ^oSfSn 1 !"" 8 ^ merab ™e. eacS 
photon energy. The endoplasmic reSum or ?£ S provi ? n S 2111 fading of 
Synthesis of many of the protein, n.^ WhlCh 1S the s »e of the 

cubic phase, for cenain clj££%£^& ™? a ^ be a bicontinuous 

presence of two continuous aqniSffi ? blC . 0rder «2)- Here the 

the extenor of the cell, creates a very Mourn % ^ " continuous also with . 
continuity of 'inner' and -outer' { <* 
gradients which are the driving fmtfy^s^i^^ 1011 °^ conc ^tration 
great potential impact in capturing iSSn^SS™ Cleari V ^^e is 

and fundamental biological imponance g y ° f hlgh enz y m atic activity 

a" cases a precisely controlled , 
polymerization of a periodic liquti^S? '„ h «, S J- u fabricate d by the 
'tote, in contrast to^S^J.H^^ 15 a ^«io^« fl „/ c 
nonequilibnura processes rnemdrane fabncation processes which are 

nonumfomuty,andthuslIrnit3tio^ ro variability and 

fact that thermodynamics is world™ K pu ^ t £e ™,2?? S ' ^ C * ample ' due to the 
present material, the microstructure"! tSi^Sx^T^ «l^brium. In the 
allowing uniformly microporom ^S?rS/?^ y ^ ^ uiKbriuin ' thus 
limitations to be produced AsZlu? i «ze or 

DDAB, 47.6% water 7^% s yrcn W% L ! Cublc P hase listing of 44.9 wrtfc 
0.1% AIBN as initiator has ^been paSallv ™? ^ b J ! ? zene (as cross-linker), and 
themal initiation; the cqum^^l^^™*' author's laboratory by 
partial polymerization resulted; SAXS movtd rh^t r I C * 3nd Wlthln 90 ^^s 
cubic phase, without initiator «bl^65 ? C ) If ful/nn? 1101 ^ Wasre u ta ^ (the 
initiation is possible, then such a proc^ ? coiilii I tSJh 1 ^ yme -7 Zanon by thenml 
materials of arbitrary size and shape P C Umform Soporous 

Phas/L^d into the cub, 

reacuon medium inheriting the precision of Z $ ? reanng a P er ™nented 

highest possible extent thf nSS ^Sc^FrfSS matenaJ '^ d maintaining to the 
one of the experiments report" ab ov 7 E 0/0 tt n^T' ™' S W3S mustrated in 
designed to function in a lipid bilw h^Kr 5 u n ! ymes 316 s P e "fically 
match those of the natural b ilayS As " hydrophobic regions that 

very hydrophobic wheat ffi g iadin c ^ t Z°" ^ G ' Undbl ° m <^ a 
^continuous cubic phase formed on Se SrfirSfn djSpersed ln monoolein, and a 

the lipid regions of the cubTp has " ExamokS of cXf' " ^ °*f ^ pr ° tdn is 3n 

piidbe. txamples of other proteins and enzymes which 



WO 90/07575 



PCT/US89/05864 



can be incorporated into bicontinuous cubic phases, at thermodynamic equilibrium 
have been reviewed (45). ^ ' 

Application: Immobilized enzymes offer many advantages over enzymes in 
solunon, includmg dramatically increased stability in many cases as well as higher 
acuvity and specificity, broad temperature and pH ranges, reusability, and fewer 
interferences from activators and inhibitors. To name a single example in the growing 
field of immobilized enzymes for medical assays, enzyme tests can distinguish 
between a myocardial infarction and a pulmonary embolism, while an EKG cannot, 
i he present methods for immobilizing enzymes such as adsorption and covalent 
bonding have serious drawbacks. Absorbed enzymes easily desorb upon changes in 
pH, temperature ionic strength, etc. The covalent bonding of enzymes usually 
involves hareh chemical conditions which seriously reduce enzymatic activity and 
cause significant losses of expensive enzymes. Recently a process has been 
de\ eloped for covalently bonding enzymes to collagen in such a way as to avoid 
exposing the enzyme to harsh chemistry (4£). However, collagen is an extremely 
powerful platelet antagonist, activating fibren and leading to immediate clotting 
making it totally unsuitable for applications involving contact with blood. As shown 
above, enzymes can be immobilized in polymerized bicontinuous cubic phases with 
the enzyme continually protected in a natural lipid - water environment throughout the 
process. ° 

6) The components can be chosen so that the material is biocompatible 
opening up possibihnes for use in controlled-release drug-delivery and other medical 
and biological applications that call for nontoxicity. It is known that many biological 
hpids form bicontinuous cubic phases, and many possibilities exist to modify such 
lipids to add polymenzablc double or triple bonds to the tails, or to fix the structure 
using an aqueous-phase polymerization. 

Application: Biocompatible materials of the tvpe described are being investigated 
as polymerized drug-bearing cubic phases for controlled-release applications 
with high stability. The combination of the biocompatibility and entrapping 
properties of many cubic phases with the increased stability upon polymerization could 
lead to new delivery systems, and even the possibility of first-order drug release - 
release in response to physiological conditions - by incorporating proteins and 
enzymes, as described above, as biosensors. 

Polymeric cubic and other liquid crystalline phases . 

While the primary emphasis of this chapter has been on polymerized liquid crystals 
important insight into cubic phases and the driving forces behind their formation can 
be gained by comparing these with polymeric analogues, in particular with 
bicontinuous phases of cubic symmetry that occur in block copolymers and in systems 
containing water and a polymeric surfactant. There are two fundamental reasons why 
the observation of bicontinuous cubic phases in block copolymers is of tremendous 
value in helping to understand cubic phases in general: first, the applicability of 
stanstical approaches, and the comparative simplicity of intermolecular interactions 
(summarized by a single Flory interaction parameter), make the theoretical treatment of 
block copolymer cubic phases (28) much more straightforward than that of surfactant 
cubic phases; and second, the solid nature and higher lattice parameters in the 
copolymer cubic phases make them readily amenable to electron microscopy (27). 

JThe cubic microstructure that has in fact been observed in block copolymers is 
the tt224 structure discussed above, with one of the blocks located in the two channels 
lying on the 'inside' of the surface, and the other block in the 'matrix' on the 'outside' 
of the surface, so that the surface itself describes the location of the junctions between 
the unlike blocks. In the polymer literature this structure has been referred to as the 



WO 90/07575 



PCT/US89/05864 



IfS 

'ordered bicontinuous double-diamond', or 'OBDD', structure. The structure occurs 
in medium-MW star diblock copolymers at higher arm numbers, and apparently also 
in linear diblocks at higher-MW (47), but always at compositions where the matrix 
component is between 62 and 74 vol. %. In early experiments, biconrinuity was 
indicated by vapor transport, and also by an order of magnitude increase in the storage 
modulus over that of the cylindrical phase at the same composition but lower arm 
number. TEM tilt- series, together with SAXS measurements, taken at the University 
of Massachusetts at Amherst, have provided accurate and detailed data on the 
structure (27). In Figure 7 is shown a split image, with electron microscopy data on 
the left half, and on the right half a computer simulation using the constant mean 
curvature dividing surface shown in Figure la. The agreement is remarkable. 

A theoretical treatment (2£) of the OBDD structure, employing the 
Random-Phase Approximation (RPA), yields accurate predictions of the lattice 
parameters from input data on the two blocks, and rationalizes the occurence of the 
OBDD at compositions just below 74 vol. % as being due largely to a very low 
imerfacial surface area for the model structure at these compositions, together with a 
mean curvature that is intermediate between lamellae and cylinders. One important 
conclusion from the theory is that the interface is very close to constant mean 
curvature, and this is supported by comparisons of the TEM data with simulations 
based on various imerfacial shapes. However, care must be exercised in carrying over 
these ideas to the surfactant case, because in the small molecule case there is a higher 
penalty for variations in end-to-end distances for surfactant tails as compared to 
polymer chains. Nevertheless, the concepts of interfacial mean curvature, uniformity 
in stretch distances, and low interfacial areas apply in qualitatively similar ways in the 
two cases and appear to be the fundamental driving considerations for the occurence of 
bicontinuous cubic phases in general. 

And finally, a word should be said about cubic phases made from polymeric 
surfactants. Groundwork was laid by Kunitake et al. (48), who produced vesicles 
from polymeric surfactants. Very recently, polymeric surfactants of the ethoxylated 
alcohol type were shown to form cubic phases (49). However, these authors were 
unaware of the notion of bicontinuity in cubic phases, and interpreted their results 
solely in terms of close-packed micelles. In particular they were unaware of the fact 
that low-MW ethoxylated alcohol surfactants (such as Ci2 E 6) form > in the sarne 
region of the phase diagram as their polymeric cubic phase, a bicontinuous cubic 
phase of the Ia3d type. With this knowledge in mind, it is quite possible that their 
polymeric cubic phase was indeed bicontinuous, but unfortunately the authors did little 
to characterize the phase. Since polymeric surfactants are far from 'typical' polymers, 
it is difficult to acertain from first principles what the properties of such a phase should 
be, whether they should have mechanical properties reflective of glassy polymers or 
closer to those of liquid crystals, for example. An experimental complication is the 
fact that there are no cubic phases in the phase diagram for the monomelic surfactant. 
This example serves to remind us that the exact relationship between polymeric and 
polymerized bicontinuous cubic phases is as yet unknown, and many interesting 
questions remain as to how far the analogy can be carried and whether or not there 
exists a continuum path between small molecule liquid crystalline and macromolecular 
bicontinuous states. 
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1. INTRODUCTION 
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suggested structure that provides a natural rationalization of the intriguing properties of the L 3 phase. 



2.THE SPONTANEOUS MEAN CURVATURE OF THE SURFACTANT LAYERS 

An ideal surfactant is insoluble in both water and oil resulting in a self-association of the 
surfactant molecules, which in the first stage can be considered to lead to the formation of a 
monolayer film. Depending on the circumstances this film can curve towards the apolar side or 
towards the polar side, or it can curve on the average towards neither. One of the most useful 
concepts for the qualitative understanding of phase equilibria in surfactant systems is based on the 
geometrical characterization of surfactant molecules suggested by Tartar21 and later developed by 
Tanford22 and by r sradachvili ^ COW0rkers 23,24 The cruciaI dimensionlcss quan[ity ^ ^ ^ 
ratio formed by the molecular volume v , the molecular length / and the polar group cross-sectional 
area a. When vlla equals unity one has optimal conditions for a lamellar structure, while for vlla >1 
the surfactant film prefers to curve towards the water, while for vlla <1 the optimal curvature is in 
the other direction. Although extremely useful for qualitative arguments, it is difficult to use this 
approach for more quantitative discussions, in particular since the area per polar group a depends on 
composition and temperature in a complex way. A concept related to the vlla ratio that has a more 
general character is the notion of the spontaneous curvature, H 0 , of the surfactant monolayer. This 
was first introduced for amphiphile systems by Helfrich25 when discussing phospholipid bilayer 
systems. The virtue, and the weakness, of this approach is that we can introduce a certain H 0 while 
leaving the question of the molecular source of the particular value unanswered. 

For an ionic double chain surfactant, as for example AOT of Fig. 2, vlla is often close to unity 
and a lamellar phase is stable over a wide concentration range. At high water contents, where the 
electrostatic interactions are stronges t 26,27 the spomaneous curvture of the monolayer js tQwards ^ 
apolar region, i.e. Hq is positive, while at low water contents with less influence from electrostatic 
interactions the spontaneous curvature is negative. This leads to the formation of a bicontinuou S 28 
cubic and ultimately to a reversed hexagonal phase on increasing the surfactant content. When salt is 
added to this system the electrostatic contribution to the curvature free energy will decrease, driving 
H 0 towards negative values. For a given concentration of salt in the aqueous region, the effect on 
H 0 of the salt will be largest at high water contents, where the electrostatic contributions are largest. 
With more than 1.5 % NaCl in the system the spontaneous curvature is expected to be towards the 
water over the whole stability range of the L3 phase shown in Fig. 2. 

For nonionic surfactants based on oligomeric ethylene oxide (EO) chains as the polar group, 
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the 1 " 3 3n" miCr ° StmCtUreS - In the —layer the mean curvature is toward 
he less abundant solved (whether discrete or continuous), whereas in the case of a bico Z 
btlayer structure the mean curvature is toward the more abundant solvent 20 blc ™™™ 
The phenomenological conditions under which the L 3 phase is observed suggests the 
fo lowmg conjecture: An L 3 phase is formed when the locally preferred structure is a ^ 
wh n ^ surfactant monolayer has a spontaneou$ q _ towards . but 

analyze the consequences of this conjecture we make USe of some of the recent advanc t h 
apphcanon of deferential geometry to the study of surfactant aggregates S tructure S 20.25 3 33 



3. CURVATURE FREE ENERGIES 



the 2 T h ! " id£ndfy ^ apP ™ C * ^ -rfaces. one at the midp.ane of 

he btlayer, here denoted the base surface, and two parallel surfaces a distance L on either side of he 
ase surface descnbmg the polar/apolar mterface (see Fig. 4). We want to assign t " a 
nergy of the surfactant monolayer in relation to the headgroup plane because interactions! 
congest „ tms re gl on. Let H L denote the pointwise mean curvature on the parallel surface 2 
area-wetghtcd average mean curvature <H L > over the two displaced surfaces i S 20 



<H L > = L<K>/(1 +L2<K>) 



(1) 



where <K> is the average Gaussian curvature of the base surface. Note that this average <H, > is 
independent of the mean curvature H 5 of the base surface, although the mean curvature of each of 
e two parallel surfaces does depend on H b . Normal!, I L 2 <K>, <! (see Append.), so that if we 

as Z2 L> 1° H H CgatiVC " 3CCOrdanCe ^ C ° njeCtUre f ° r thC L3 PhaSe P — d ab °-' ^ 
base surface should have a negative Gaussian curvature. By virtue of the Gauss-Bonnet theoren^ 

<K> = 2n XE C2) 

where Xe is the Euler characteristic of the surface which is related to the connectivity of the surface 
Through eq. (2) a negative <K> necessarily implies that the surface is highly connected. The larger 
the value of -<H L >, the larger is -<K> and thus - Xe and the more connected is the surface per unit 
volume. Examples of such highly-connected surfaces are periodic minimal surface S 35 The more 
common minimal surfaces D, P and the gyroid have, for example, Euler characteristics Xr V 0 f -2 -4 
and -8 per unit cell, respectively. This shows by a stra lg htforward, but somewhat esoteric 
geomemcal argument that a bilayer structure with negative average mean curvature towards the 
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solvent can on y be famed through building up a highly-conneced surfactant aggregate The sole 
resmcuon „ that branch points with face or four monolayer films meeting are to, aHowed Z 
systems wrth H 0 <0 but IHqLI«1, such branch „ « ckarIy energidcally unfavourable ' 
In an expansion to second order the curvature free energy area density, & , is 

8c = K B tH L -H 0 )2 

where K B is me elastic bending constant. The total curvature free energy. G c , per area A is then 
G c = K B A<(H L -Ho)2> 

2*:: ""I" °" bU * 2150 M MCh ^ ™» Edition is difficult to 

sansfy fa two parallel surfaces. In the Appendix we show that the base surface ma, gives a 
mtmrnum ,„ G c must be a minimal surface, i.e., the mean envature H b of the base surface is aero 
The reason for thts „ that one has the optimal homogeneity between the two parallel surfaces in such 

We thus find that the bilayer midplane in the L 3 phase is close to a minimal surface. To obtain 
more quantitative relations, we begin by dividing the structure into cubes of edge len-th a This 
characteristic length a is chosen so that the portion of the base surface enclosed in a cub°e is on the 
average cEuler characteristic ^ approximately equal to -4; we will see that a will cancel o 2 * 
final result, so we do not need a more precise definition here. The Euler characteristic per volume V 

XE/V = XE U /a3 (5) 

For a cubic system a would be the lattice parameter. The area A 0 of the base surface is similarity 
given by the product of the surface area g a 2 0 f the characterise unit times the number of units 

Ao = ga2v/ a 3 (fi) 

where the dimensionless constant Q is given by the particular structure. The volume fraction O b of ? 
bilayer is, using Steiner's equation with H b =0 



°B=2AoL(l+<K>L2/3)/V 



(7) 
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Solving eqs. (1,2,5-7) provides a relation between the volume fraction and the average mean 
curvature 



2 2C 3 , (3-2L<H,>) 2 

** E 9(1-L<H L >) 3 1 } 

The factor -2C3/(7r ZE U) de p e nd S on the particular structure. However a reference to periodic 
minimal surfaces shows that although these different surfaces have different Euler characteristics and 
different values for the constant C, the dimensionless group 2^l{^) is remarkably insensitive 
to the particular structure as illustrated in Table 1, except for deviations at highly negative Euler 
characteristics, which are physically less realistic (the largest value of - Xr V for any known binary 
cubic phase is 8). Below we will set -2C 3 /(7IXe u ) = 2.2. 



Table 1. Values of the dimensionless group -2p/(KXz u ) for minimal surfaces of cubic s'ymmerry 
whose areas are known. Surfaces are named as in ref. 30. The space group listed is that for a cubic 
phase with the minimal surface forming the midplane of a bilayer, except in those cases indicated by 
an asterisk (*), which cannot support a symmetric bilayer (the areas in these cases were computed 
numerically in ref. 30). The Euler characteristic per unit cell Xe u and the surface area per unit cell 
(with a lattice parameter of unity) C vary considerably from surface to surface, while the 
dimensionless group -2C 3 /(:cx E u ) remains quite constant for small values of - Xe u . Cubic phases 
corresponding to the surfaces above the dotted line have been reported in experiments. 



Surface 


Space Group 


Xe u 


c 


-2C3/(7rx E u ) 


D 


Pn3m 


-2 


1.919 


2.249 


P 


Im3m 


-4 


2.345 


2.053 


G 


Ia3d 


-8 


3.091 


2.350 


I-WP 


lm3m* 


-12 


3.466 


2.210 


C(P) 


Im3m 


-16 


3.510 


1.721 


F-RD 


Fm3m* 


-40 


4.740 


1.700 



Within this approximation, eq. (8) shows that for a given structural unit there exists a unique 
relation between the volume fraction of bilayer and the average mean curvature over the displaced 
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surfaces. If we require that <H L > = H 0 , eq. (8) imposes an internal constraint and the formal 
number of degrees of freedom is reduced by one and eq. (8) is changed to 



.2 (3-2LH/ 



<D-=2.2L(-H Q ) 



9(1 -LH Q ) (8a) 

= 2 - 2L( ' H 0 ) (8b) 

Thus by analyzing curvature free energy of a bilayer aggregate we have arrived at the 
remarkable result that when there is a spontaneous mean curvature towards the solvent in the 
optimal structure the bilayer midplane forms a highly-connected surface at a distinct optimal volume 
fracnon of bilayer that is determined by the dimensionless product H 0 L of the spontaneous curvature 
and the bilayer half-width. 

It is important to point out that the result given in equation (8b) is not sensitive to the 
assumption that the bilayer is of constant thickness. As discussed in ref. 33 in the context of 
biconunuous cubic phases, an alternative description of the polar/apolar interface is in terms of 
surfaces of constant mean curvature H L , which show a variation in the distance from the minimal 
surface. In fact the standard deviation of this distance, in the case of constant-mcan-curvature 
surfaces related to the Schwarz "D" or "Diamond" minimal surface, is approximately 7% of the 
average distance <L>, whereas the variation of mean curvature over the parallel surface is 
considerably larger than this (not surprisingly, since mean curvature is a second-order derivative 
property). We now derive an approximate formula analogous to equation (8b) for this particular 
family of constant-mean-curvature models, to demonstrate that, at least for the case of structures 
with the Schwarz "D" minimal surface as the base surface, the result in equation (8b) is the same for 
the constant-meaii-curvarure interface as for the parallel surface interface, 

The slope of the volume fraction vrs. mean curvature plot for the "D" family of 
constant-mean-curvature surfaces was estimated accurately in ref. 30 yielding <D B = -0.55928 h + 
.... where h = Ha is the mean curvature made dimensionless by multiplying with the lattice 
parameter. Since we will only be concerned with the highest order terms here, we can write an 
approximate formula for the relation between <D B and the average length <L>, as <D B = 2<L> A m / a 
+ ... , where A m is the area of the minimal surface when a=l, which has the value A m =1.918893... 
for the "D" surface. Multiplying these two equations gives <D fi 2= -2.1464H<L> . This is very 
close to the result for the family of surfaces parallel to the "D" minimal surface: O b 2 = -2.24906 
<H L > L . Presently there has been no publication of a calculation of a aperiodic minimal surface, 
so there is no way to check whether or not we are correct in our assumption that these results for 
periodic minimal and constant-mean-curvature surfaces hold, at least approximately, for aperiodic 
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anologues. 

The bilayer volume fraction <D B is in general greater than the surfactant volume fraction O s in 
the L 3 phase, because of the penetration of solvent into the bilayer. We define <P SB to be the 
volume fraction of surfactant in the bilayer region, that is, in the region between the two displaced 
surfaces: v 

= «>SB <*>B (9) 

The theory of Cantor36 provides an estimate of ^ ^ ^ ^ q{ & ^ / 
phase - pamcularly where the surfactant is closely related to diblock copolymers, as in the case of 
an ethoxylated alcohol surfactant - the melt/semidilute interface case treated by Cantor applies and 
equation (47) of that paper implies that: 

^SB^j/C&jO-O + f) .where (10a) 
Oj = c'(l/2- X )-3/5 T -2/5 (iob)j 

where Oj is the volume fraction of surfactant in the polar region, and f is the volume fraction of the 
polar (EO) portion within the surfactant molecule. We have combined into a single constant c' all of 
the numerical constants and those factors which have a lesser temperature dependence. In the case 
of ethoxylated alcohol surfactants, the interaction parameter X (not to be confused with an Euler 
characteristic!) between the water and ethylene oxide groups is known to be a strong function of 
temperature^ 7 . It should be noted that if the chain stretching contribution to the free energy in the 
theory of Cantor is replaced by a term of the functional form (L I -L I0 )2, which might be more 
appropnate for low-MW polar groups, the exponent of the term containing X remains between -2/3 
and -1/2. 

We approximate the temperature dependence of H 0 by retaining only the lowest order term in 
the Taylor series expansion, thus -H 0 = t (T-T 0 ). (The sign conventions in this formula must be 
changed for the case where the solvent is apolar). We do this on first principles, but it should be 
noted that the theory of Cantor also predicts a nearly-linear dependence of H 0 on temperature, at 
least in the case where both polar and apolar excess solvents exist. Equation (17) in ref. 36 shows 
that H 0 is a multiple of Q 2 , which is linear in X ; the other temperature dependencies in that 
expression are smaller, at least in the cases of most interest here where the temperature dependence 
of X is significant. The constant On wi u be comDined with [ne factor (2 .2L)l/2 to yield a final 
constant c. The value of c' must for the present be treated as a fitting parameter because the value of 
the bare surface tension y, in the theory of Cantor is unknown, but also because of the 
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approxirnations involved in that theory and the present theory. Combining equations (8) - (10) the 
final express.cn for the optimal volume fraction of surfactant, at which <H l >!h 0 . is then: 



*S-cCr-To)W«I»j/COj(l.f) + f) , where 
Oj=c"(l/2-x)- 3 / 5 T-2/5 



01) 



In this expression we have left out the correction term (3-?LHn, / Of 1 I u- u ■ 

s correct™ wnri has a d if fere „ t funcli0M , ta whe „ consIM[ ^ 
™ r„s,ea d 0 f constant widlh imnftcB , „ w ^ ^ ^ **» » 

order term. «. eq. (8b), which is the same in the two cases 

From the point of view of demonstrating a goodfl, of experimental data using a small number 
of fitttng paramters. u is unfortunate that the conversion of <J>, to 0> SB in equation (10a W T 

from 3 to 2 However, we have found, no, surprising!,-, that the final matches of experimem 
phase boundanes are very insensirive to the vaiue of C, and to a very large extent i, s sZvTe 
product of .and c that determines the final results. We have in all cases talcen't Zfi b » 
ually good results can be obtain* with cW I/2 . for cxampl , Thc ;w0 param£ ^ t 

and c are fit to expertmenta, data; for many polar group, the temperature dependence of X is Zll 
from independent experiments. * Known 



4. INTERPRETATION OF THE EXPERIMENTAL PHASE DIAGRAMS. 

We now apply equation (II) to the location of the L 3 phase in those phase diagrams for 
no onto surfactant/ water systems tabulated by Sjoblom e, a,.38 wnich C0 J n a „ ^ fo * 

™T " Kjel ' mdCr ^ H ° ri " 37 Kd -= d >"» P— for the. 
water / ethylene ox.de tnteracnon a, three temperatures, namely 35, 45. and 69.5C. By differencing 

Zr ; Ite V SlimaKd "* ^ k a » d «*»!*= contriburions to the interacnoa to be roughly • 

we h " T 5 ^ ™° * ' reSPeCIiVdy ' " 40C F ° r a " ° f th = «« -»» ■» «™ * 
we have US e d the express™ ,=2.876 - 483.5/T to obtain a fit of the data, which corresponds to 

enthalp.c an d entroptc contributions of -1676 cal moM an d 5.72 cal moH K-l. respectively The 
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values of Oj resulting with this expression and the above formulae are in accord with standard 
estimates for the amount of water in the interfacial region, namely between about 2 and 7 water 
molecules per EO group, for temperatures below 70C. 

The fits for C 12 E 5 , C 12 E 4 . C 10 E 4 and C 16 E 4 are shown in figures 5a - d, and the values for 
• T 0 obtained from the fits are given in Table 2, which also includes the cloud point temperatures 
T cp , for comparison. In general for C n E m surfactants, one would expect T 0 , the temperature at 
which the spontaneous mean curvature in the binary system is zero, to increase with increasing m, 
because an increase in temperature acts to decrease the amount of water in the ethylene oxide regions 
(that is, increasing X causes an increase in O sb by equation (10)), and thus counteract the increase 
in curvature toward hydrocarbon due to increased steric repulsion from more ethylene oxide groups. 
Similarly. T 0 should be expected to decrease with increasing n. These trends are observed except for 
the case of Cj2E4- 

Table 2. Cloud point temperatures T cp , and values of T 0 (estimated Te~mpel-a7urrJh~ere""ihe" 
spontaneous mean curvature H 0 passes through zero in the binary system), for the four ethoxylated 
alcohols known to form L 3 phases. The entries are listed in order of increasing HLB, defined a S 38 
the weight fraction of the ethylene oxide portion of the molecule, multiplied by 20. Intuitive 
arguments suggest that T 0 should increase with increasing HLB, because lower water penetration -- 
and thus higher temperatures -- are required to reach the same balanced state for more hydrophilic 
surfactants. 



Surfactant 


HLB 


T 0 


T c P 


C 16 E 4 


9.2 


35.0 


C 12 E 4 


10.7 


53.5 


5 


C 10 E 4 


11.6 


45.3 


20 


C 12E5 


11.7 


64.5 


26 



In the case of 1-O-decylglycerol (figure 6), the fit was obtained by assuming that the 
temperature dependence of x was negligible ( (Dj constant for all T ). In related monoglycerides, 
for example, it is known that the temperature dependence of the water / polar group interaction is 
fairly weak, and that the phase behavior can be understood at least qualitatively in terms of 
increasing chain disorder with increasing temperature 39 . This example illustrates the fact that, in the 
present theory, weakly temperature-dependent interactions will lead to a T vrs. O s curve that is 
concave upward, whereas interactions that become strongly unfavorable at higher temperatures can 
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(figure 7). We have not artemm,.,. r t COMai ™S L 3 phase regions are intermediate 

.-pera^ depo^^T* * *« *»» - - lac, of da. on thc 

Cecreasingconcen.b ^ ta ^ B X^J^^^ h '* 
the systems studied the smaller J , ^S-0-27. In general for all 

obse.-atton of roor^p, ^ ™ ^ I":' 0 " 5 - ™ S I 5 h «— « * 

phase. relaxation" and stronger hght-sctmering in this end of ,he L 3 

For the AOT system in Fig. 2 the sal, concentration in the aqueous regions of the , „ 
increases as the buayer volume fraenon increase,. Since dte electrostadc forces whose ' ' 
decreased by the sa>, favour a curvature towards the apola, J^t^TZ""' " 
negative - with increasing cf> in „ r • 0 Qecrcases " becomes more 

iuj increasing <P in qualitative agreement with pn m Th„ i 

-enable to a quantise anaiysis using P^B^"^^^*» " 
such a treatment to a later occasion. . but we postpone 

W uye^r; 3 ~::: y r ; : ?• 3 diffc fr ° m ,he ~° ° ,her — - - - 

j tne l 3 phase can accomodate the less abundant solvent in addition to the surf^n, tk 

ptiT; w;r; h T opp r g po,ar/apo,ar mterfaces can sh ™ ^ ^ » - 

behaviour ^ ^ 17 ™ U ' Si °" < h ™« » 3. However uhe 

of the L 3 phJattwa lit T S ' nttreSDnge " 0USh - 8 W b "™- - »™ch' 
3 Phase low a-values, where water ts the abundant solvent. A. this branch hits the 
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~0 axis and joins with ,he L 3 phase of the bina^ surfacran.-water syslem of Fig . , ^ 
in rigure 8 is a theoretical line giving [he fit of ,h, i t 

describe thederivadon of this uLL^ ^ 3 re8 '° n " ^ »» 

T ° « >™ ««* Ac same expression as in .he binary case („. (,„> t0 account 

cl ^h '-^° f W2Kri " *■ <*»* ~ biiayer The 1 lae o 

Cantor do no,, however, apply in the ease of ,he less abundant soiven, oi, (telecane InTg 1" 
because an excess of the solvent was assumed in mat theory. In fact, along the curve of in e e , , 

onl) of ex. The temperature-dependence of p has been assumed to be negligible, in conn-as, to the 
ease of water which is present in sufficient duandty to saturate the interface to the" 
given by the Cantor meory, this latter concentration being a smong function of temperatur 
Specifically, we have taken p to be given by: 



P-fcnax/O+Pmax) .where 
Pmax" ^oil A*oil +*HC) 



(12), 



^.actant, B thus gives me volume fraction of oil in the apolar pordon of the biiayer if all of the 
u were located between the surfactant tails. En. (.2) is the simples, possible formula which a, very 
low od content puts nearly all of the oil in the interface, and a, higher oil contents puts increasing 
amounts ,„ a separate layer between the ends of the surfactant tails. Given the temperature an 
conccntranons. the values of*, and f> are computed from equations (11) and (12), and by applying 
geomemcal arguments analogous to those used in the denvadon of eq. (8, we arrive a. an expression 
tor the area-averaged mean curvature: 

<H L >=-4y2 / 2.2Lo -P)2 = -0.00146/(1+0; -(3)2 (A-l) (13)) 

where in the last term we have insened the value y=0.166 for the surfactant concentration in figure 8 
as wen „ the estimated value I^A for the length of the C 12 E 5 molecule; for large valued of a' 
the half-width L of the biiayer will be larger than this Lq, and this has been incorporated in eq (1 3) 
All that is necessary now to complete the set of equations is an expression for the spontaneous mean 
curvature Hq. 

In the present theory, the changes in H 0 are brought about by the penetration of water and oil 
into the head and tail regions of the biiayer, thus increasing the effective areas A E0 and A H r per 
ethylene oxide and hydrocarbon chain, respectively; a significantly larger effective area A HC on the 
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hydrocarbon side will lead to a significant mean curvature H 0 toward the water. In figure 9 we 
show schematically the relation between the areas A EO and A HC , drawn as spherical caps, and the 
spontaneous radius of curvature R 0 =l/H 0 . The distance X between these hypothetical caps is not 
entirely unambiguous, but clearly it is between one-half the total surfactant length and the full length. 
In the present case where we have taken the value of the surfactant length to be Lq=36A, we have * 
taken X=30A. Let the superscript (0) refer to the areas A E0 and A HC in the absence of solvents. 
Clearly 

(R 0 /(Rq " K) 2 = A H C / A E 0 = (AHC (0) /(1-P)) / (A E O (0) A&j) 

-a*j/d-p) d4), 

where Q = A HC (0) / A E0 (°). Thus, solving for H 0 =R(f 1 gives 

-Ho = (l-V[(l-P)/£iOj])/X (]5) 

The value of Q is determined by the condition that, in the binary system (cc=P=0), Hq=0 at 
T=64.5C, where <J>j=0.35 (this value of <J>j corresponds to approximately 4.5 water molecules per 
EO group). 

This then closes the set of equations, when the condition <Hj_> = Hq, which expresses the 
working hypothesis of the paper, is enforced. A computer was used to solve iteratively, at each 
temperature T of interest, for the value of a at which equations (13) and (15) yield the same value. 
As can be seen from figure 8, the agreement between theory and data is quite good, especially in 
view of the fact that no attempt was made to improve the quality of the fit by choosing a form of the 
relation for P (equation (12)) which contained adjustable parameters. In fact, since the same formula 
used in the binary case for cpj (equation (11), with c'=l) was used in the ternary case, the only 
adjustable parameter in figure 8 is X, and the results are not sensitive to the value used; since as 
noted above 18A < X < 36A is required, we chose X=30A. 

Finally we note that there is an analogous behaviour of the L3 phase at high ct-values where oil 
is the abundant solvent. Also in this case it is necessary to invoke an cc-dependence in Hq to account 
for the experimentally observed location of the L3 phase within the model. At low water contents the 
EO groups overlap and this could lead to an increased tendency to curve towards the oil which in this, 
case is the more abundant medium. One can note that the stability range of the lamellar liquid 
crystalline phase is consistent with this conclusion, in that at low a the lamellar phase extends to* 
high temperarures, while at high a it extends to low temperatures (see Fig. 3). 
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5. RELATIVE STABILITY OF LAMELLAR, CUBIC AND L 3 PHASES 

The L 3 phase occurs in a phase diagram as an alternative to a lamellar phase and it is important 
to recognize the factors that influence the relative stability of the two phases. In previous 
studiesH-19 it has been emphasized that the L 3 phase is a disordered lamellar phase, with the 
implication that the essential factor favouring the formation of an L 3 phase is entropy. Here we have 
concluded that the most important factor is the formation of a bilayer structure with the optimal 
curvature towards the solvent. Clearly lamellar phases are stable over regions much larger than 
where we can expect that H 0 =0 for the constituent monolayer. The curvature energy is thus not the 
only important contribution to the free energy. There is a free energy cost in forming a continuous 
bilayer structure in three dimensions in that one introduces local inhomogeneities; as noted in the 
Appendix, except for a plane, no minimal surface can have constant Gaussian curvature, which 
would be required in order that H L be constant. At least with a single component in the bilayer it i s 
intrinsically more favourable to have the locally uniform conditions of a planar bilayer rather than 
locally non-uniform conditions in the L 3 phase. The non-uniform conditions in the L 3 relative to the 
lamellar phase aJso affect the free energy contributions from the interbilayer interactions. Also in this 
case the situation in the lamellar phase with a given interbilayer distance is favourable. In fact it 
seems to be a necessary condition for the formation of an L 3 phase that the interbilayer interactions 
are weak. In relation to the lamellar phase this is not so much as to favour disorder, which it does, 
but rather that strong constraints on interbilayer distances which would favour the lamellar phase are 
absent. 

Another alternative to the L 3 phase is a cubic bicontinuous phase. The model presented above 
for the structure of the L 3 phase can in fact be seen as arising from a melted or disordered cubic 
structure. In a cubic phase it is also possible to achieve <H L > =H 0 under the same mathematical 
conditions derived here, and the curvature energy can be at least as favourable in a cubic as in the L 3 
phase. Here it is necessary to invoke an important free energy contribution from the disorder present 
in the L 3 phase. This disordering is favoured by weak interbilayer forces and in Fig. 2 it is seen how 
the L 3 phase joins up with the cubic phase ai high surfactant concentration and thus strong 
interactions. A similar observation was made in ref. 4 for the nonionic surfactant C]6E0 4 . In 
passing we also note that the arguments given for the narrow character of the L 3 phase can also be 
applied to some cubic phases. 
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6. CONCLUSIONS 



I, has been concluded that an L 3 phase forms under the condinon 4a, the surfactant ha, l 
a bdayer srrucmre. The monolayer has a spontaneous mean curvature H 0 ™ 

undone yJ^JZZZZ^ZZ^™?-**-' 

between the L 3 phase and the lameUar phase is no, one of entropy i"b* ST"" 
curvature differences theL-a sarkfvin,, umerences, but rather mean 

again in Ws compcdl! ,^" ~ ThT SPOn,a " C ° US ™" "* «° *«* 
Phase win bo favourca ^ ' WeraC,i ° nS * ** 

narrowness of the L 3 phase regions. rationalizing the 

In order to minimize the curvature energy we have ..cpH i _r 

base surface but we have refrain.H fr ■ ' SUffaCeS 35 models for th * 

hasbeenposs^r^e^ ^T^S^^ rfte ~ fato ^^ t 

properties of the model base surface enter Fnrrhe™ V ^ ' * Where the 

a one phase sample. The striking diffusion results, ma, have been taken as aVrl " , ? 
in favour of a lameUar srructure are in fact e q ual,y consisten t ^ ^ rT^aT 
hkely also wi,h disordered structures with the same basic units In parti L i I k m ° S ' 
anaiydca, calcu,ado„ ,ha, the effecuve self-diffus,on coefficie , for « T ^7 ' 

We have argued ,ha, the narrowness of the L 3 phase region is due to a constrain, on the 
mean curvature <H L > of me polar/apolar in.erface, so that deviadons o72 ^m . 
* spontaneous mean curvamre Ho are mo costly, ,„ view of the smaH free ener y d^s 
between the competing micros™. This is the reason why it is panicuiariy imlrtam 172 * 
east m the hrmdng case of triply-periodic order, the resuhs denved above using m p a Z 1 

shou. „ above. In fte pamllel-surface descripdon. there is consideraI^~ad^ter', 
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interface, so that even though <HrJ> =Ho there are large deviations from Hq pointwise. However, 
this is simply a consequence of the high sensitivity of Hl, which is a second derivative property, to 
the exact shape of the interface. Analysis of newly-discovered periodic surfaces of constant mean 
curvature^ shows that, by allowing variations in the bilayer width on the order of 1%, the condition 
that Hl=Hq can be satisfied pointwise over the entire interface^, at least for periodic structures. 
Because the study of these constant-mean-curvature surfaces is in its infancy, and because the 
traditional approach to the study of monolayer and bilayer shapes has been in terms of the curvature 
energy, we have used the parallel-surface description for most of the derivations. However, as 
argued elsewhere^, ihe constant-mean-curvature description appears to provide a more realistic 
description of the local inhomogeneities, and in analogy with the results given in ref. 33 we argue 
that the bilayer in the L3 phase can be fairly homogeneous in both width and mean curvature. 

During the completion of this work we became aware of a recent small angle neutron 
scattering and conductivity study of some dilute surfactant / alcohol / brine systems by Pone et alM. 
For the L3 phase, termed L2* by the authors, they conclude that the structure is locally a bilyer, 
from an analysis of the position of a broad hump in the scattering curves as a function of water 
concentration. They then address the matter of the larger-scale, topological description of the 
structure. Clearly a 'foam' structure, which has the same topology as an inverse micellar phase, is 
difficult to reconcile with the high conductivities. Certain other model structures are evaluated on the 
basis of a quantitative analysis of the position q c of the hump in the scattering curves, in which it is 
assumed that the distance d*=27t/q c can be taken as an estimated cube size in a cubic tesselation with 
the bilayer lying on some of the cube faces. However, in such a picture the relation between q c and 
the lattice parameter is not necessarily as simple as d*=27t/q c , because for example the case 
illustrated in their figure 13 is of BCC symmetry (space group Im3m), so that the first scattering 
peak would occur at q c =V2x27t/d*. in fact, recent work by SiegeP 3 , and by S. Leibler and T. 
Maggs (personal communication) has shown that the distinction between the bicontinuous topology 
and the lamellar phase with a high density of defects (ILA's) may be tenuous. With these cautionary 
comments in mind, the results of Porte et al. are consistent with the present model, as is the position 
of the L2* phase relative to the L a in their study: the L2* lies at higher hexanol concentrations, and 
an average mean curvature toward water at these compositions is thus consistent with a reversal in 
spontaneous mean curvature from toward the apolar regions in the Lj phase at low hexanol, to zero 
mean curvature in the L a phase at intermediate hexanol concentrations, to towards water in the L2* 
at higher hexanol concentations. 

The discussion in this paper has been basically confined to 'typical' L3 phases. Since this is an 
isotropic solution it can continuously join with other isotropic solutions. Fig. 3 shows how the L3 
phase connects to the typical microemulsion phase. For several binary nonionic systems the L3 
branch is connected by a two-phase region to the isotropic L2 phase at high surfactant 
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concentrations. A detailed discussion of the structural changes occurring in the transition from one 
'type' of phase to another should await further experimental studies of the systems. There exist also 
a number of systems where isotropic solution phases in some region show the narrow character that ' 
is typical of the L 3 phase, as for example in L 2 region of the H 2 0-sodium octanoate-octanoic acid 
system^; this is in fact closer to the behaviour in the previously mentioned system from reference 
1 5 involving a zwitterionic surfactant, as well as that in the Ci 2 E 3 / water L 2 phase. At present we 
cannot determine whether or not there are any fundamental differences between those systems in 
which the L 3 phase region is disconnected from the L 2 (or joined by a two-phase L 2 / L 3 
coexistence region), and those systems in which the L 2 phase region has a narrow extension to hi*h 
water contents. It is possible that the distinction between the L 3 phase and the L 2 is more tenuous 
particularly in ternary systems such as that in Fig. 3, in which the L 3 phase connects continuous! v 
(apparently) to the main microemulsion channel, where the latter channel progresses continuously 
from normal micellar solutions to inverted micellar solutions. We mention also the possibility that 
ihe L 2 phases in the binary ethoxylated alcohol systems may be essentially structureless solutions, in 
which case the L 2 / L 3 coexistence would represent coexistence between a microstrucrured (L 3 ) and 
a structureless (L^ solution. 

As a final comment we note that the L 3 phase has a biologically highly interesting counterpart 
in the membrane system of the endoplasmatic reticulum (ER). Similar structures have apparently also 
been seen by Helfrich and Harbich in pure phospholipid-water systems 46 . 
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APPENDIX. 

In this Appendix we prove that if a bilayer of constant width 2L is a local minimum of the 
curvature free energy G c (equation 4), then the base surface representing the midplane of the bilayer 
must be a minimal surface. We stress that this is only a necessary condition, and not in general 
sufficient. The question of whether or not a bilayer structure based on a given minimal surface is in 
fact stable to local or global perturbations is much more involved, and although the present proof 
will show that only minimal surfaces need be considered as possible solutions to this stability 
question, we defer a full discussion of this question to a later date. We note that the present results 
remain valid even in the case where a saddle splay term 25 , proportional to the integral Gaussian 
curvature, is included. 

In this Appendix we also give an elementary proof, which does not require the usual complex 
variable approach to the theory of minimal surfaces and constant mean curvature surfaces, of the fact 
that except for the case of planes (lamellae), a bilayer of constant width cannot also have constant 
mean curvature. Thus, as stated in the text, for the case of nonzero spontaneous mean curvature Hq, 
inhomogeneities in the bilayer are unavoidable. 

Although the present application of this calculation is to the L3 phase, it should be mentioned 
that the same results apply to binary surfactant / water cubic phases, and it is important to note that in 
all of the structures which have been substantiated for the cubic phases, with one exception, a 
minimal surface has been found which describes the midplane of the bilayer (see ref. 41 for a 
review). The exception is the discrete cubic phase of space group Pm3n. composed of elongated 
micelles 47 , where mean curvature energies appear to be a relatively minor factor in determining the 
structure. 

In singling out curvature energies as the sole energy contribution in this calculation, we are of 
course exploring the consequences of only one limiting case, and in particular by ignoring enrropic 
effects we are doomed to periodic solutions for the solution to the more specific problem, not treated 
here, of determining those structures that are in fact stable with respect to arbitrary perturbations. 
However, we are not seeking actual stable solutions here but rather deriving one property which is 
required of a local minimum, namely that the base surface is of zero mean curvature, and with this it 
can be argued that the base surface in the aperiodic L3 phase is tending toward zero mean curvature 
in order to minimize the curvature free energy, throughout the course of thermally-driven 
fluctuations. Presently work is in progress to compute aperiodic surfaces of exactly zero mean 
curvature 4 ^, which should be instructive. Before proceeding with the derivation, we again point out 
that there is an alternative description of the bilayer shape in terms of constant mean curvature 
surfaces. Triply-periodic surfaces of constant mean curvature have recently been discovered 30 - 49 , 
and certain of these surfaces can be used to describe continuous-bilayer structures, which are 
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symmetric with respect to a base surface that is a minimal surface32,33. ^ such a description ^ 
curvature energy given above can be made to vanish, but one can assign an energy cost to variations 
in the bilayer width - a stretching energy. One could then investigate a statement analogous to that 
treated in this Appendix, namely: if a bilayer with constant mean curvature at the polar/apolar 
interface is a local minimum of the stretching energy, then the midplane of this bilaver must be a 
minimal surface. However, to date the knowledge of surfaces of constant, nonzero mean curvature 
is too limited to permit any such analysis. 

We will consider only a special class of perturbations in the present analysis, because this class- 
will be sufficient to prove that the base surface minimizing the curvature energy must necessarily be 
a minimal surface. This class will be the class of so-called 'inextensionar perturbationsSO. ' An 
inextensional deformation is one in which the length of any element of arc on the surface remains 
unchanged. Thus the coefficients of the first fundamental form remain unchanged, and by Gauss' 
Theorema Egregium, the Gaussian curvature remains unchanged. Furthermore, the differential area 
element dA remains unchanged. However, the mean curvature can change. 

For an arbitrary base surface S, with mean curvature H(u,v) and Gaussian curvature K(u,v), 
the curvature energy G c over the two displaced (parallel) surfaces a constant distance L away from S 
is given by: 

n v r ff r H+LK 2 2 

G C =K B U If ; HJ ( I +2LH+L K) dA + 

S 1+2LH+L/K 



-H+LK 2 2 

— - H^ (1-2LH+L K) dA } {Al) 



s 1-2LH+L"K 



using the well-known formula for the mean curvature of a parallel surface in terms of the mean and 
Gaussian curvatures of the base surface. We wish to test a base surface S b for stability with respect 
to inextensional pertubaiions. Such a perturbation of S b changes only the mean curvature H b in 
equation (Al), to a new point function which we will call H e , where: 



H E (u,v) = H D (u,v) + e Q(u,v) 
Q being an arbitrary test function. The Euler equation to be solved is thus: 



(A2) , 



_d_ 

dE 



E =o G cf H ;=o 
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This becomes, upon simplification: 



4K bJ } L -T-^ — Q dA = 0 (A3) 



Y b (l+2LH b + L K) (l-2LH b +L K) 

In order for this to vanish for all test functions Q, it is necessary that either: 

H b (u,v)=0 (A4) , 

or 

K(u,v)=±l/L 2 (A5) , 

for all (u,v). The first condition (A4) expresses the fact that is a minimal surface. We show 
below that the second condition (A5) is unphysical. 

Before proceeding to this, however, we note that these same conditions result from a much 
simpler requirement, namely that the value of the mean curvature at the two points, one on each 
displaced surface, which correspond to the same point on the base surface (i.e., with the same 
surface coordinates (u,v)), be the same, for each point on the base surface. Write Hl + and Hl" for 
these two mean curvature values, and: 



R+LK -H, +LK 2H.(1-L-K) 

H - H " = - - = (A6) 

L L l+2LH b +L 2 K l-2LH b +L 2 K (l+2LH b +L 2 K)(l-2LH b +L 2 K) 



The condition that this difference vanish is given by (A4) or (A5). This can be expressed by saying 
that when, and only when, the base surface is a minimal surface, the bilayer has an additional 
symmetry with respect to the mean curvature of the two displaced surfaces. 

We now show that the condition (A5) is unphysical, although interesting in the light of 
Bonnet's theorem. Bonnet's theorem states that the surface at a constant distance L from a surface 
of constant Gaussian curvature equal to -1/L 2 is of constant mean curvature. This is interesting in 
that if this situation were physical realizable, then we would be lead to interfaces of constant mean 
curvature ('Bonnet translates'), as well as of constant width; in such a world one might expect to 
Find base surfaces with constant Gaussian curvature. However, in deriving these results we are 
assuming that the polar/apolar interface lies at a constant distance L along the normal to the base 
surface. And in the case where the Gaussian curvature of the base surface is of magnitude 1/L 2 , 
these normals, representing surfactant molecules, will necessarily intersect. This is because when 



WO 90/07575 



PCI7US89/05864 



the G^ssian culture K= Kl k 2 is of magnitude I/L2 then one of the principal curvatures, say k, 
must be of magnitude greater than or equal to l/L. Rays of length L drawn from points alon - this 
line of curvature along the normal direction must intersect. This can also be seen by noticing that ' 
when L^l/hql, then the quantity 1-2LH + L2 K vanishes, so that the differential area element^ 
vantshes and the mean curvature H L diverges - both signifying that the normal rays have 
intersected. Thus, the solution given by equation (A5) is physically unrealizable under the present 
assumptions, although in view of the fact that the Euler equation (A4) was derived without first 
consrxaimng the problem to rule out unphysical solutions, it was necessary that (A5) be found as a 
ormal solution, at least in the case where the mean curvature, -l/L, of the Bonnet translate equals 
the spontaneous mean curvature Hq. 

It was stated in the main text that inhomogeneiues in the bilayer are a necessary consequence of 
nonzero spontaneous mean curvature. We have now shown that the requirements of homogeneity in 
width and in mean curvature (using equation (A6)) lead to the necessary condition that the base 
surface S b be a minimal surface. We now show that this condition is never in fact sufficient except 
in the case of H 0 =0 (lamellae); that is, in the case of nonzero spontaneous mean curvature Hn the 
mean curvature over the polar/apolar interface cannot be identically H 0 when the width is constant 
In ref . .. this was referred to as -frustration'. We now give an elementary proof of this, based on a 
formula from elementary differential geometry known as the Mainardi-Codazzi relation, which 
singles out the basic cause for this frustration, in a way that is more intuitive, perhaps, than the usual 
proofs using the theory of complex variables in the treatment of minimal surfaces. Furthermore this 
formula (equation (A9) below) will be important in an in-depth analysis of the more general stability 
problem, which will be the subject of a future publication, and we give here a s.mpler instance of it's 
imponance. The Mainardi-Codazzi relation is also pivotal in the (rather involved) proof due to 
Hilbert, that there exists no complete surface with constant, negative Gaussian curvature 51 

The base surface S b must be a minimal surface, H b =0. The mean curvature over the 
polar/apolar interface is then given by: 

H l = LKo/(1 + l2k 0 ) (A7) 

In order for H L to be constant, it is clear that the Gaussian curvature over the base surface K 0 mus< 
be constant, and that this constant value be nonzero if we require H l =Hq. At this point the usual 
complex variable a P proach52 can te used l0 show ^ ^ Gaussian rf & t 

cannot be constant, but we use instead a formula derived from the Mainardi-Codazzi relation, a * 
fundamental relation in the differential geometry of arbitrary surfaces. 

We take the (u,v) parametric curves to be the lines of curvature with k corresponding to the 
direcnon v=const., and then -K is the curvature along the direction u=const. The Mainardi-Codazzi 
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relations are then: 



(1/VE ) dJC / du = -k (dG/du) /GVE = -2kk ou 

(lWG)dK/dv = - K (dE/dv)/EVG= 2kk^ (a8) 

using the usual fonnula for the geodesic curvatures Kgu and K gv of the lines u=const. and v=const 
r sp. But the left hand sides of these equations represent the two components of the surface grad 
of k. In the more general case of a surface of constant mean curvature, and for the present case of a 
minimal surface, this can be expressed in the altemauve form50 : P ° f & 

V S K = -( Kl -K 2 )2 (a K gv + b. Kgu ) (H=constant) , 

V S K=4K (a >c gv+ i 2Kgu ) ( H =0) (A9)> 

- here V S is the surface operator and a and k are the unit vectors in the u and v directions This 
second equation (A9) is the heart of the present argument, because it is straightforward to show that 
he geodesic curvatures of the lines of curvature cannot both vanish identically on a minimal surface 
except when K=0, so that by (A8) (or (A9)), the gradient of K cannot vanish, except for the case of 
tne plane. 

To prove this, assume that K gu =K gv =0 at every point of S b . Then we apply Liouville's 
formula, which states that the geodesic curvature, along a line which makes an angle 6 with the 
curve v=const., is Kg =de/ds + K gu cos 9 + Kgv sin 6 . In particular, consider the line given by 
e=*/4; by this formula Kg =0 along such a curve, and by Euler's theorem for the normai curvature 
K n = Kj cos^e + k 2 sin^e =0, using k 2 = - K] . But then the space curvature k = V(k 0 2 + K 2 ) = fl 
and thus means that the surface is a ruled surface because there is a straight line through eveo- point' 
However, as is well-known, the only minimal surface that is also a ruled surface is the right 
he hcoid which can be verified by solving a simple o.d.e. for the vanishing mean curvature of a 
ruled surface (analogous to the proof that the catenoid is the only minimal surface of revolution) 
Since the nght helicoid is not of constant Gaussian curvature (the steps taken above are necessary 
but not sufficient), the proof is finished. 
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Figure 1. Phase diagram of the binary C 12 E 5 - water system, adapted from reference 4. For all of 
the figures m this paper, we use the following notation: LAM (or D), lamellar phase; L, normal 
flu,d xsotropic solution; L 2 , inverted fluid isotropic solution; L 3 , the phase that is the subject of this 
paper; Vj (or V), bicontinuous normal cubic phase; V 2 , bicontinuous inverted cubic phase- Hi (or 
H) normal . hexagonal phase; H 2 , inverted hexagonal phase; W, dilute aqueous phase; S (or 
A I LS), solid crystalline surfactant. 

Figure 2. A portion of the phase diagram at 25° for Aerosol OT - Nad - water, adapted from 
reference 6. The NaCl scale has been enlarged for clarity. The L 3 phase region extends over a 
wide range of water/AOT ratios at nearly constant salinity, then joins up with the V 2 phase in a 
two-phase region. This V 2 phase is believed to have the Ia3d or 'gyroid' structure. 

Figure 3. A slice, at constant surfactant concentration (16.6%), of the CpE 5 - tetradecane - water 
ternary phase diagram as a function of temperature (adapted from reference 13). W m refers to a 
water-nch microemulsion. O m to an oil-rich microemulsion. The L 3 phase has two branches one 
at low oil and high temperature, and one at high oil and low temperature. Both of these branches 
and the W m and O m regions, join up in an apparently continuous fashion to a region of roughly 
equal volume uptake in the microemulsion, around 45*C; in this range the microemulsion is 
probably bicontinuous 11 -! 3 . 

Figure 4. One mathematical idealization of the surfactant bilayer, in cross-section. Given a base 
surface S b , one can move a constant distance L away from each point in a direction given by the 
surface nonnal at that point, or in the opposite direction, and this defines two displaced 'parallel- 
surfaces. One can imagine the polar / apolar dividing surfaces of the surfactant bilaver as beino 
well-approximated by these surfaces, with the terminal methyl groups located at or near the nasi 
surface. In another idealization, the distance L to the displaced surface varies in such a way that the 
two displaced surfaces are of constant mean curvature. In the cases treated here these two 
descriptions are very close and lead to the same results. 

Figure 5. Best fits of the theory to the location of the L 3 phase regions, in four ethoxylated 
alcohols. The dotted line gives the locus of points along which the calculated spontaneous mean 
curvature is equal to the mean curvature calculated at that concentration and temperature, assuming 
an isotropic, bicontinuous bilayer structure. We do not imply that we have calculated a free energy 
and shown that it is lowest among competing structures; the dotted line merely indicates the curve 
along which the L 3 is most likely to occur, according to the theory. The expression for the 
interaction parameter X between EO and water, as a function of temperature, was the same in all 
four curves, and c' in equanon (1 1) is taken to be unity. This leaves two fitting parameters in each 
case, T 0 and c in equation (1 1). The four cases shown are: a) C 12 E 5 ; b) C 12 E 4; c) C 10 E 4 ; and d) 
q 6 E 4 (figures adapted from references 4 and 38). Note that in the last case, continuation of the 
theoretical curve leads to a good interpretation of the location of the V 2 phase region, because the 
equations are also valid for such a structure. 
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CLAIMS A_ 

A 1. A stabilized, highly regular, biocompatible 
microporous material having a highly regular pore system, 
arising from the polymerization of an equilibrium cubic 
phase and incorporating a plurality of biologically active 
agents in the pore system. 

A 2. a material as recited in Claim 1, wherein the 
biologically active agents are chosen from the group 
consisting of enzymes, proteins, cell organals, cell 
fragments, and intact cells, steroids, and drugs. 
A 3 . A stabilized microporous material comprising a 
continuous, highly regular, highly branched and 
intraconnected pore space morephology???? comprising pore 
bodies and pore throats, having a global uniform effective 
pore size, in which the pore bodies and the pore throats are 
substantially identical in size and shape respectively. 

A 4 • A material as recited in Claim 3, incorporating a 
biologically active agent. 

A 5 - A system for separation of micro materials using a 
material according to Claim 3. 

^6. A system for the measurement of critical phase 
transitions incorporating a material according to Claim 3. 

A 7 - A micro electronic device incorporating a material 
according to Claim 3. 

/4 8 - A molecular electronic device incorporating a 
material according to Claim 3. 

A 9. A bioel ectronic device incorporating a material 
according to Claim 3. 
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CLAIMS B 



S 1. A stabilized hydrogel material comprising a 
microporous hydrogel matrix containing a fixed, highly 
connected network of macropores . 

B 2. A material as recited in Claim 1 which is 
optically clear. 

3 3 - A material as recited in Claim 1 wherein the 

hydrogel matrix comprises a polymer of a hydrophilic 
monomer . 

3 A. A material as recited in Claim 3 wherein the 

hydrogel matrix is formed from the polymerization of at 
least one component of a bicontinuous cubic phase system 
which is in equilibrium. 

S 5. A material as recited in Claim 1 wherein the 
macropores are water-filled. 



« 6. A material as recited in Claim 5 wherein the 
volume fraction of water is greater than 5 0%. 
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B 7. A material 



as recited in Claim 1 wherein the 



network of macropores is triply-periodic and the 
are highly uniform in size and shape. 



macropores are approximately an order of magnitude larger 
than the micropores of said microporous matrix. 

B 9. A material as recited in Claim 1 wherein said 
macropores have a radius of about 20 Angstroms to about 400 
Angstroms . 

13 10. A material as recited in Claim 1 wherein the 
network of macropores has an effective pore size which is 
just sufficient to allow free passage of the essential 
proteinaceans and macromolecular components to encourage the 
formation of a physiologic tear film. 

& 11. A material as recited in Claim 1 wherein the 
network of macropores has an effective pore size which 
selectively passes therapeutic substances. 



^ 8. A material as recited 



in Claim 1 wherein the 



5 12 - A material as recited in Claim 1 wherein said 
network of macropores has porewalls which are essentially 
anionic . 
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O 13 . A material as recited in Claim 1 wherein said 
network of macropores has porewalls which are negatively 



charged . 



B 14. 



A method of preparing a stabilized hydrogel 



material in which an interconnected network of macropores is 
superimposed on a microporous hydrogel matrix comprising- the 
steps of : 

(a) selecting a macropore size, 

(b) choosing components, at least one of which is 
polymerizable, which will form a bi-continuous 
cubic phase at equilibrium, the phase having said 
selected macropore size, 

(c) equilibrating said components, and 

(d) polymerizing said at least one component. 

B 15. A method as recited in Claim 14 further 
comprising the steps of: 

(e) removing unpolymerized components and, 

(f) replacing said unpolymerized components with water. 



l3 16. A method as recited in Claim 14 wherein said 
components are chosen from the group consisting of: 



4- 
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surfactants, co-surfactants, oils, water, hydrophilic 
monomers, cross linkers, and initiators. 

/3 17. A method as recited in Claim 16 wherein said 
hydrophilic monomers are chosen from the group consisting of 
2-hydroxgethyl methacrylate , aqueous acrylamide , and 
homologs and equivalents of these. 

g 18. A method as recited in Claim 16 wherein said 
surfactant is chosen from the group consisting of 
didodecylammonium halide, cetyltrimethal ammonium halide or 
sulfide, didecyltrimethyi ammonium chloride, sodium dodecyl 
sulphate, sodium n-dodecanoate , and sodium n-decanoate with 
a tail containing a polymerizable substituent. 

3 19 . A skin like material such as a soft tissue 
substitute, a burn dressing, a suture coating or a drug 
delivery patch comprising a stabilized hydrogel material 
comprising a microporous hydrogel matrix containing a fixed, 
highly connected network of macropores . 

J3 20. A cell culture substrate comprising a 
stabilized hydrogel material comprising a microporous 
hydrogel matrix containing a fixed, highly connected network 
of macropores. 
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B> 21. A soft contact lens comprising a stabilized 
hydrogel material comprising a microporous hydrogel matrix 
containing a fixed, highly connected network of macropores . 

f3 22. An ocular repair material such as an 
intraocular lens, artificial cornea, vitreous humour 
replacement, or eye capillary drain comprising a stabilized 
hydrogel material comprising a microporous hydrogel matrix 
containing a fixed, highly connected network of macropores. 

3 23. A material for use in the manufacture of 
catheters, urethral prostheses, artificial larynges , or in 
plastic surgery comprising a stabilized hydrogel material 
comprising a micorporous hydrogel matrix containing a fixed, 
highly connected network of macropores . 
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FIG. 3 
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FIG. 4b 
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